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Preface

Development of the thin film and coating technologies (TFCT) associated with the develop‐
ment of the solid surface science. The science about solid surface, in turn, is associated with
occurrence and development of vacuum technology (late nineteenth to early twentieth cen‐
tury). In the first years of the twentieth century due to the efforts of Irving Langmuir, the
science of surface stood out in a special area of research. I. Langmuir was a pioneer in the
development of experimental techniques necessary for high-vacuum studies. He introduced
the concept of chemical bond adsorption, surface adsorption lattice, and accommodation co‐
efficient; performed the fundamental research of the work function metals, heterogeneous
catalysis, and adsorption; and derived the laws of thermionic emission. I. Langmuir was
awarded the Nobel Prize for “Outstanding Discoveries in the Field of Surface Chemistry De‐
velopment" in 1932.

Fundamental research on the semiconductor surface in the 1930s focused on the interface
between the “metal-semiconductor" (probably this fact is the starting point of the creation of
modern thin-film technology). These studies provide the first practical applications of semi‐
conductors in the early 1940s—the selenium rectifiers and detectors on basis lead sulfide,
based on the properties of the “metal-semiconductor" interface. Further, the creation of bi‐
polar transistors with point contacts (1949). In the early 1960s, there was the creation of
field-effect transistors (FET) based on Si with an inversion layer or structure-based “metal-
oxide-semiconductor." In FET operation, Si-SiO2 interface plays a crucial role. Then, the in‐
tensive study of surfaces and “film-substrate" interfaces followed, which led to the creation
of a huge variety of semiconductor devices. Thus, we can say that TFCT developed in the
end of the twentieth century made possible the technological revolution in electronics and
through it the revolution in IT and communications.

All variety of TFCT can be easily classified on the thickness of the obtained structures. That
is, all multilayer structures can be divided into three main groups: thick (up to 1000 nm),
thin (10 to 1000 nm), and ultrathin (below 10 nm).

This book presents the TFCT to create films and coating thickness of less than 1000 nm (thin
and ultrathin). There are many methods for producing such films and coatings. They can be
divided into the following three groups:

- Physical (ion-beam epitaxy, vacuum evaporation, ion-immersion implantation
from the plasma, etc.)

- Physicochemical (magnetron sputtering, ion-plasma deposition, gas transmission
reaction, and others)

- Chemical (chemical deposition from solutions, electrochemical deposition, etc.)



At the end of the twentieth and at the beginning of the twenty-first century, TFCT penetrat‐
ed in many sectors of human life and industry: biology and medicine; nuclear, fusion, and
hydrogen energy; protection against corrosion and hydrogen embrittlement; jet engine;
space materials science; and many others. Unfortunately, not all of these areas are presented
in this book.

Currently, TFCT along with nanotechnology (NT) is the most promising for the develop‐
ment of almost all industries. TFCT and NT interpenetrate and enrich each other. More and
more often, published works, which researched and successfully used nanostructured thin
films instead of the usual. Evidence of this can be found in some of these book chapters.

All the chapters in the book are divided into three sections. The first section contains papers
in which the emphasis is on the use of some features of the methods that had not previously
been detected or not used. The second and third sections present recent TFCT achievements
in the sectors identified in the titles of these sections.

Nikolay N. Nikitenkov
Tomsk Polytechnic University

Russia
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Molecular Precursor Method for Fabricating p-Type 
Cu2O and Metallic Cu Thin Films

Hiroki Nagai and Mitsunobu Sato

Additional information is available at the end of the chapter

Abstract

Functional thin films are used in various fields of our life. Many different methods are 
used to fabricate these films including physical vapor deposition (PVD) and chemical 
processes. The chemical processes can be used to manufacture thin films in a relatively 
cheap way, as compared to PVD methods. This chapter summarizes the procedures 
of the molecular precursor method (MPM), a chemical process, for fabrication of both 
metal oxide semiconductor Cu2O and metallic Cu thin films by utilizing Cu(II) com-
plexes in coating solutions. The MPM, recently developed and reported by the present 
authors, represents a facile procedure for thin film fabrication of various metal oxides 
or phosphates. This method pertinent to the coordination chemistry and materials sci-
ence including nanoscience and nanotechnology has provided various thin films of high 
quality. The MPM is based on the design of metal complexes in coating solutions with 
excellent stability, homogeneity, miscibility, coatability, etc., which are practical advan-
tages. The metal oxides and phosphates are useful as the electron and/or ion conductors, 
semiconductors, dielectric materials, etc. This chapter will describe the principle and 
recent achievement, mainly on fabricating the p-type Cu2O and metallic Cu thin films 
of the MPM.

Keywords: molecular precursor method, thin film, p-type Cu2O, copper

1. Introduction

A sustainable society requires innovative technology where many disciplines interact. Highly 
functionalized thin films in various devices such as computers, which were developed mainly 
for the semiconductor industry in the last century, are now widely used in various fields of 
our daily life. For example, the touch panel in mobile phone uses a transparent conductive 
thin film and an antireflection thin film on the glass. A product with various thin films makes 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



life more comfortable. Many different methods are used to fabricate such thin films including 
physical vapor deposition (PVD) such as laser ablation, molecular beam epitaxy, sputtering, 
and chemical processes [1]. The chemical processes can be used to manufacture thin films in 
a relatively cheap way compared to PVD methods. The chemical process is a processing tech-
nique for preparing thin films, ceramic coatings, and powders. However, it is usually difficult 
to fabricate high-quality thin films using chemical processes.

Transparent metal oxide thin films of p-type semiconductors deposited directly on various 
substrates offer several advantages in the design of heterojunctions with n-type oxide films 
for fabricating thin film devices [2, 3]. Over the past years, the quest to obtain high-quality 
cuprous oxide films has fueled the development of many physical processing techniques 
including sputtering, thermal oxidation, vacuum evaporation, molecular beam epitaxy, and 
electrodeposition [4–9]. However, reproducible formation of cuprous oxide films, uncontami-
nated by copper or the CuO phase, is a formidable challenge from the technical perspec-
tive. Most of the aforementioned physical processing techniques are not economically viable 
in large area applications. The chemical procedures, which save both energy and resources, 
have therefore emerged as an attractive alternative because of cost-effective production 
capabilities.

Recently, we achieved the fabrication of p-type Cu2O transparent thin films by means of a 
chemical process, the molecular precursor method (MPM), using the thermal reaction of 
molecular precursor films spin-coated on a Na-free glass substrate. A stable precursor solu-
tion for the spin-coating process was facilely prepared by reacting an isolated Cu(II) complex 
of ethylenediamine-N, N, N’, N’-tetraacetic acid (EDTA, H4edta) with dibutylamine in etha-
nol [10, 11]. The MPM is one of the chemical processes used for thin film formation of metal 
oxides or phosphates [12–22]. The method is based on the formation of excellent precursor 
films involving anionic metal complexes and the alkylammonium cation. The stability, homo-
geneity, miscibility, and other characteristics of the precursor solutions, which can be used 
for various coating methods, are practical advantages, in contrast to the conventional sol-gel 
method.

This chapter summarizes the procedures used in the MPM for the fabrication of both metal 
oxide semiconductor Cu2O and metallic Cu thin films by utilizing Cu(II) complexes in coating 
solutions.

2. Molecular precursor method

The decision by the Nobel Prize committee to award the Nobel Prize for chemistry in 1913 to 
Alfred Werner met with worldwide approval. In a statement, the committee said that Alfred 
Werner received the prize in recognition of his work on the linkage of atoms in molecules 
by which he has thrown new light on earlier investigations and opened up new fields of 
research especially in inorganic chemistry [23]. Today, the metal complexes are used in vari-
ous applications such as catalysts, luminescence, and medicine. In 1996, one of the authors, 
M.S., focused on the thin film fabrication of various metal oxides and phosphate compounds 
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using the metal complexes of stable [10–22]. This is the MPM, which is one of the chemical 
processes used for thin film fabrication. In those days, most of the researchers in the field of 
thin film formation by chemical processes preferred to use rather unstable metal complexes. 
It is easy to imagine the capability of polymers to form films because we use polymer films 
every day. In fact, well-adhered precursor films can be formed on various substrates by coat-
ing the solution dispersing the produced oligomers and polymers including metallic species 
provided by hydrolyzing the unstable metal complexes. These results led us to believe for a 
long time that only the oligomers and polymers can form precursor films, but the stable metal 
complexes having discrete molecular weight would not be useful in the formation of such 
thin films. The MPM was a challenge to this central belief.

The MPM, pertinent to coordination chemistry and materials science including nanosci-
ence and nanotechnology, has been used to fabricate various high-quality thin films with 
appropriate film thicknesses. As a result, the MPM represents a facile procedure for thin film 
fabrication of various metal oxides or phosphates, which are useful as electron and/or ion 
conductors, semiconductors, dielectric materials, etc [24, 25].

Figure 1 shows the Co3O4 thin films, which were first fabricated using the molecular precur-
sor solutions. To date, more than 40 kinds of metal oxides or phosphates have been easily 
fabricated. Figure 2 shows the general protocol for fabricating the titanium dioxide thin 
films. First, a water-resistant coating solution was prepared by the reaction of a neutral 
[Ti(H2O)(edta)] complex with dipropylamine in ethanol, where edta represents ethylene-
diamine-N, N, N′, N′-tetraacetate anion. Molecular precursor solutions can be used in spin, 
dip, or spray coating on various material surfaces to form precursor thin films. To obtain 
the precursor film, the coated film was dried at around 70°C. The precursor films involving 
metal complexes should be amorphous, just as with the metal/organic polymers in the sol-
gel processes; otherwise, it would not be possible to obtain the resulting metal oxide thin 
films spread homogeneously on substrates by using the following heat treatment. After this, 
the precursor film was heat-treated at appropriate temperatures for eliminating the compo-
nents in the organic ligand from the metal complexes involved in the precursor films and 
to fabricate thin films of crystallized metal oxides or phosphates. The heat treatment of a 
well-adhered precursor film at 450°C in air is useful for the fabrication of transparent titania 
thin films.

Figure 1. The Co3O4 thin films which were first time to fabricate the thin film using the molecular precursor solutions.

Molecular Precursor Method for Fabricating p-Type Cu2O and Metallic Cu Thin Films
http://dx.doi.org/10.5772/66476
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Cuprous oxide, Cu2O, with a cubic structure is a potential candidate for p-type semicon-
ductors having a band gap of 2.0 eV, which is the band gap of its single crystal. The thin 
films of Cu2O can be grown generally by dry processes in a vacuum chamber at high tem-
perature, such as sputtering, thermal oxidation, and pulsed laser deposition [26–28]. Over 
the past years, the quest to obtain high-quality Cu2O films has fueled the development 
of many physical processing techniques including sputtering, thermal oxidation, vacuum 
evaporation, molecular beam epitaxy, and electrodeposition. However, reproducible for-
mation of Cu2O films uncontaminated by the CuO phase is a formidable challenge from the 
technical perspective [29, 30]. In addition, most of the aforementioned physical processing 
techniques are not economically viable in large area applications. Solution-based processes 
have, therefore, emerged as attractive alternatives because of the ability for cost-effective 
production [31]. Armelao and coworkers have successfully employed a sol-gel solution 
containing dissolved copper acetate to produce a Cu2O thin film [32]. The semiconductive 
nature of the thin film was, however, unclear owing to the lack of Hall effect measurements 
in their work.

Recently, p-type Cu2O transparent thin films were fabricated using the thermal reaction of 
molecular precursor films spin-coated on a Na-free glass substrate [10]. A stable precursor 
solution for the spin-coating process was facilely prepared by reacting an isolated Cu(II) com-
plex of EDTA with dibutylamine in ethanol. The 50-nm-thick Cu2O thin film resulting from 
heat treatment of the precursor film at 450°C for 10 min in Ar gas at a flow rate of 1.0 L min−1 
was characterized by X-ray diffraction (XRD). Figure 3 shows the XRD pattern of the resul-
tant thin film deposited on the Na-free glass substrate after heat treating the precursor film. 
The XRD pattern of the resultant thin film indicated a precise cubic lattice cell parameter 
with a = 0.4265(2) nm, with a crystallite size of 8(2) nm. No additional peaks from any pos-
sible contaminants such as Cu and CuO appeared in the XRD pattern of the Cu2O film. X-ray 

Figure 2. Protocol for fabricating the thin film using the molecular precursor method.
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in their work.
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solution for the spin-coating process was facilely prepared by reacting an isolated Cu(II) com-
plex of EDTA with dibutylamine in ethanol. The 50-nm-thick Cu2O thin film resulting from 
heat treatment of the precursor film at 450°C for 10 min in Ar gas at a flow rate of 1.0 L min−1 
was characterized by X-ray diffraction (XRD). Figure 3 shows the XRD pattern of the resul-
tant thin film deposited on the Na-free glass substrate after heat treating the precursor film. 
The XRD pattern of the resultant thin film indicated a precise cubic lattice cell parameter 
with a = 0.4265(2) nm, with a crystallite size of 8(2) nm. No additional peaks from any pos-
sible contaminants such as Cu and CuO appeared in the XRD pattern of the Cu2O film. X-ray 

Figure 2. Protocol for fabricating the thin film using the molecular precursor method.
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 photoelectron spectroscopy (XPS) peaks attributed to the O 1s and Cu 2p3/2 level of the Cu2O 
film were observed at 532.6 and 932.4 eV, respectively. The peak position of the Cu 2p3/2 level 
is identical to the reported values, which were observed for Cu2O thin films prepared by other 
methods [31, 33]. In addition, no peak for the CuO phase was observed at its typical value of 
944 eV [31]. The average grain size of the deposited Cu2O particles was ~200 nm, observed via 
field-emission scanning electron microscopy (FE-SEM). The optical band edge evaluated from 
the absorption spectrum of the transparent Cu2O thin film was 2.3 eV, assuming a direct tran-
sition semiconductor. The tensile strength of the films on the glass substrate was measured 
by a stud pull adhesion test. The tensile strength of the adhesion of the Cu2O thin film to the 
substrate was 83(2) MPa, indicating strong adhesion to the glass substrate.

Figure 4 shows the Arrhenius plot of the Cu2O thin film on the Na-free glass substrate over 
the temperature range 160–300 K. Hall effect measurements of the thin film indicated that the 
single phase Cu2O thin film is a typical p-type semiconductor with a hole concentration of 
1.7 × 1016 cm–3 and hole mobility of 4.8 cm2 V–1 s–1 at ambient temperature. The activation 
energy from the valence band to the acceptor level was determined as 0.30 eV by least-square 
fitting using the free carrier concentration spectroscopy (FCCS) method [34].

Figure 3. XRD pattern of the thin film adhered to a Na-free glass substrate after heat treatment at 450°C for 10 min in Ar 
gas at a flow rate of 1.0 L min–1.
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The resistivity of the Cu2O thin film fabricated using the MPM was lower than that of both 
films obtained by the oxidation of a copper film and by the dc reactive magnetron sputtering 
process [26–28]. It was observed that the carrier concentration tends to be high and the car-
rier mobility is low for the Cu2O thin film fabricated by the MPM, compared to the thin films 
formed by previously reported processes (Table 1).

The method described is the first example of fabrication and characterization of p-type Cu2O 
transparent thin films using a coating solution prepared from a starting Cu2+ complex of the 
H2edta2− ligand. Reduction of the Cu2+ species occurred unambiguously through the heating 
process under Ar gas flow. The CuO phase could be found in the thin film by the prolonged 
reactions after fabricating the Cu2O thin film at the identical atmospheric condition and tem-
perature. This result indicates that the formation mechanism of Cu2O in the MPM differs 
from that of the sol-gel method, in which the Cu2O phase was derived from the CuO phase 
in N2 atmosphere at 90°C. It is notable that the quality of the resultant thin film fabricated 

Figure 4. Temperature dependency of the resistivity (― ◊ ―), carrier mobility (…○…), and carrier concentration (… ∆ 
…) of the thin film. Film was formed by heat treatment at 450°C for 10 min in Ar gas at a flow rate of 1.0 L min–1 on a 
10 × 10 × 1.1 mm3 Na-free glass substrate.
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by the MPM is excellent, but that fabricated by the CuO reduction was not sufficient for Hall 
effect measurement.

3. Kinetic study of Cu2O thin film fabrication

In order to clarify the precise mechanism of Cu2O formation from the Cu(II) complex, a kinetic 
study was performed using XRD [11]. In the study, it was clarified that the thermal reaction of 
the precursor film, which consists of a dibutylammonium salt of a [Cu(edta)]2− complex ion, 
first produced metallic Cu species in Ar gas containing <10 ppm of air as an impurity. The Cu 
phase appeared gradually, and the amount of the phase could be determined from the area of 
the (111) peak of Cu. The activation energy (1.5 × 102 kJ mol–1) of the reduction reaction from 
the Cu(II) complex to metallic Cu species was obtained by an Arrhenius plot over the temper-
ature range 230–250°C. Above this temperature range, the Cu2O phase was formed by the oxi-
dation of the Cu phase under Ar gas flow. The amount of the Cu2O phase could be determined 
from the area of the (111) peak. The activation energy (1.4 × 102 kJ mol–1) of Cu2O formation 
from the Cu phase was obtained by the Arrhenius plot over the temperature range 400–450°C. 
In order to examine the stability of the formed Cu2O phase, the oxidation reaction rate from 
Cu2O to the CuO phase in an identical atmosphere was also measured over the temperature 
range 450–475°C. The activation energy of the oxidation reaction from Cu2O to the CuO phase 
was determined to be 1.0 × 102 kJ mol–1. It was observed that the quality of the p-type Cu2O thin 
film is strongly dependent on the mechanism of the low-temperature formation.

The XPS spectra of the films are shown in Figure 5. The peak positions of the Cu 2p3/2 level 
in spectra (a)–(d) are 933.5, 932.7, 932.5, and 933.2 eV in Figure 5A, respectively. The peaks 
observed in (a) and (d) can be assigned to the Cu2+ ion, and the broad peak at 944 eV observed 
in (d) is typical of CuO. In contrast, the peaks observed in (b) and (c) can be assigned to metal-
lic Cu and/or Cu+ ions. These XPS results are consistent with the XRD results.

Method Annealing condition Thickness Carrier 
concentration

Mobility Resistivity

Temperature Atmosphere Time nm (cm–3) (cm2 V–1 s–1) Ω cm 

Molecular  
precursor method

450 Ar gas flow 10 min 50 4.8 76 4.8

Oxidation method 
[26]

400 10% O2 in Ar 
gas

5 min 230 6.1 370 6.1

Magnetron 
sputtering [27]

200 O2 gas 
pressure of  
1.1 × 10−3 torr 
in vacuum

– 130 0.36 1.8 0.36

Pulsed laser 
deposition [28]

500 In vacuum 6 h 100 32 100 32

Table 1. Comparison of electrical properties of the thin film fabricated herein using a 0.3 mmol g–1 precursor solution under 
Ar gas at a flow rate of 1.0 L min–1, versus those of the films formed by other methods. All values were measured at 300 K.
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In Figure 5B and C, the XPS spectra of the C1s and N1s peaks, respectively, are shown. No 
impurities such as nitrogen or carbon atoms can be found in the XPS spectra of the resultant 
Cu2O thin films, although the metallic Cu0 thin film includes a certain amount of nitrogen 
and carbon atoms. It was thus clarified that single phase Cu2O formation was completed by 
the removal of organic residues in the Cu0 thin film. The co-presence of nitrogen and carbon 
atoms was thus shown to have an important role in preventing the oxidation of the produced 
Cu2O phase. The presence of nitrogen and carbon atoms may also help in organizing the 
stepwise reactions.

In the sol-gel method for Cu2O thin film formation, the CuO film is annealed at 900°C for 
5 h in nitrogen for the partial removal of oxygen atoms from the initial oxide thin film. In 
contrast, the MPM eliminates the organic components in order to form the Cu2O thin film 
at the abovementioned lower temperature. It is interesting that the difference between these 
two methods is in the kind of atoms that must be removed. Furthermore, it is important that 
the formation route of the p-type Cu2O thin films determines the quality of the thin films, as 
mentioned above. The MPM is additionally preferable in terms of saving energy by reducing 
the formation temperature.

It was first shown that the expected Cu2O formation using the MPM occurred via an unex-
pected intermediate Cu0 phase formed by the thermal decomposition of the molecular precur-
sor involving a Cu(II) complex salt. The XRD measurement of the crystallized thin films was 
useful in determining the activation energies of the redox reactions from the Cu(II) complex 
to Cu0, from Cu0 to Cu2O, and from Cu2O to CuO (Figure 6). The redox reactions of the met-
als and organic ligands occurred stepwise with annealing of the thin films under moderate 
conditions. Consequently, the ligand in the molecular precursor plays an important role in 
fabricating excellent p-type Cu2O thin films. It is also suggested that kinetic studies on the 
thermal reactions of metal complexes in the solid state are essential for revealing the reaction 
mechanism of thin film fabrication.

Figure 5. XPS spectra of (A) Cu 2p3/2, (B) C 1s, and (C) N 1s of the thin films heat-treated in Ar gas flow. The films were 
fabricated by heat treating the precursor film at (a) 200°C for 10 min, (b) 400°C for 0 min, (c) 450°C for 10 min, and (d) 
450°C for 60 min.
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4. Fabrication of copper thin films

From the kinetic study of the Cu2O thin film formation, it was elucidated that the Cu0 spe-
cies formed as an intermediate was oxidized to the resultant Cu2O thin film during the heat 
treatment, and the oxidizing agent is the oxygen present in the commercially available Ar gas 
as an impurity (<2 ppm) [11]. However, the intermediate Cu thin film obtained through the 
reaction using the precursor film is not electrically conductive. Therefore, in order to fabricate 
transparent metal copper thin films, we examined novel precursor solutions [35, 36]. A novel 
precursor solution containing a Cu2+ complex of EDTA and a Cu2+ complex of propylamine 
derived from formic acid, and the amine was prepared by mixing the two precursor solutions. 
The concentration of total copper in the ethanolic precursor solution was adjusted to 0.35 
mmol g–1. The spin-coating method was used for precursor film formation on a Na-free glass 
substrate. The spin-coated precursor films were preheated in a drying oven at 70°C for 10 min 

Figure 6. A kinetics study was performed in order to clarify the reaction mechanism for fabricating the excellent p-type 
Cu2O thin films by using the molecular precursor method.
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and then, heat-treated at 350°C for 15 min under an Ar gas flow of 1.5 L min–1 to fabricate thin 
films in a tubular furnace with a quartz glass tube. The resultant thin film is hereby denoted 
as A. The rate of temperature increase was controlled by a proportional-integral-derivative 
program preinstalled in the furnace. Before increasing the temperature, the tubular furnace 
was filled with Ar gas. The thickness of the resultant films was measured using a stylus pro-
filometer. A flat- and same-sized quartz glass plate was placed on the resulting thin film A in 
the tubular furnace and then post-annealed at 350°C for 20 and 40 min in an Ar gas flow of 
1.5 L min–1. The resulting thin film is hereby denoted as APn (n = post-annealing time). The 
XRD patterns of the resultant thin films A, AP20, and AP40 with a thickness of 40 nm over 
the 2θ range 30°–50° are shown in Figure 7. The peaks at 2θ = 36.6° and 42.5° for A can be 
assigned to the (111) and (200) phases of Cu2O, respectively, and an additional peak at 43.5° 
for A is assigned to the (111) phase of copper (JCPDS card No. 04–0836). The peak at 2θ = 36.9° 
for AP20 is assigned to the (111) phase of Cu2O and that at 43.7° can be assigned to the (111) 
phase of copper.

Figure 7. XRD patterns of A, AP20, and AP40 thin films. Parallel beam optics (θ = 0.3°) was employed for calculations. 
The lines indicate the following: ……A, ----AP20, and ━ AP40. The peaks are denoted as follows: ▽ Cu; | Cu2O.
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The single peak at 2θ = 43.7° for AP40 is attributed the (111) phase of copper. Thus, the Cu2O 
phase decreased gradually with increasing post-annealing time, and no peak owing to any 
impurity phase such as Cu2O and CuO could be detected in the annealed AP40 film. The cell 
parameter of the Cu cubic lattice in A, which was determined by the Wilson & Pike method, 
is a = 3.71(3) Å, and the crystallite size of Cu crystals formed in the film can be determined 
as 11(1) nm; the estimated standard deviations are presented in parentheses. The cell param-
eter of the Cu cubic lattice in AP40 is a = 3.72(3) Å, and the crystallite size of the Cu crystals 
can be determined as 13(1) nm. The surface morphology of the A and AP40 thin films was 
observed using FE-SEM. The grain size of the Cu particles also increased from 50 nm (A) to 
70 nm (AP40) upon annealing. Figure 8 shows the Auger spectra of A, AP20, and AP40 thin 
films. Broad peaks were observed at 264 eV for carbon, 509 eV for oxygen, and 764, 835, and 
914 eV for copper atoms. The kinetic energies of the copper atoms are identical to those in 
other films fabricated by the MPM. The result indicates that the amount of carbon atoms in 
the AP40 thin film was reduced to half by the post-annealing treatment of A. Figure 9 shows 

Figure 8. The Auger spectra of A and A20, and AP40 thin films. The lines indicate the following: ……A, ----AP20, and 
━AP40, respectively.
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the curve fitting results of the Auger spectrum for A over the range 230–300 eV, corresponding 
to the carbon atoms, along with the curves of the neutral and tetravalent carbon atoms. The 
curve fitting results suggest that the carbon atom in A was 85% agreement to the neutral. The 
electrical resistivity of the A, AP20, and AP40 thin films is 7.5 × 10–4, 2.8 × 10–4, and 4.7 × 10–5 Ω 
cm, respectively. Thus, highly conductive translucent copper thin films could be obtained in 
commercially available Ar gas. A plausible scheme for copper lattice formation, which can be 
deduced from the XRD and Auger spectra, is presented in Scheme 1.

Figure 9. The curve fitting results of carbon state in AP40 thin film. The lines indicate the following: ……A, —Carbon 
(neutral), -·-·-·Carbon (tetravalent), respectively.

Scheme 1. Plausible scheme for the formation of a Cu thin film from the precursor film.
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The scheme indicates that four Cu complexes are required to construct one FCC copper unit 
cell. During the heat treatment of the precursor complexes in Ar gas flow containing <2 ppm 
of oxygen as impurity, neighboring complexes react with each other. The valency of copper 
was reduced from +2 to 0 by the thermal decomposition of the complexes of EDTA and butyl-
amine ligands in Ar gas. In the process, Cu2O involving Cu and the neutral carbon atom is 
produced in the A thin film. During the reaction from the A thin film to the resultant AP40 
thin film by post-annealing, when the oxygen content is below 2 ppm in the Ar gas, it cannot 
react with the film, because the quartz glass plate placed on the A thin film can prevent the 
film from encountering the oxygen molecule. In fact, the copper thin film, which was sepa-
rately prepared by a vacuum plating method, was not oxidized by post-annealing under an 
identical condition. Thus, it is accepted that the reduction reaction occurred because of the 
materials inside the A thin film. Under these conditions, only one candidate that can act as a 
reductant for Cu2+ ion remains on the carbon atoms in film A.

The polycrystalline Cu lattices were gradually structured by reducing the valency of the Cu2+ 
ion with carbon atoms, and the Cu grains were simultaneously grown by annealing. This reac-
tion mechanism involving the reduction reaction caused by carbon atoms may be comparable 
to the modern and indirect steel-making system using corks. The tensile strength of the AP40 
adhered onto the Na-free glass substrate was 36(12) MPa as determined from the stud pull 
adherence tests, indicating strong adhesion to the glass substrate. The tensile strength of the 
Cu film deposited onto an identical Na-free glass substrate by a vacuum plating method was 
1.7(5) MPa after an identical heat treatment of the AP40 thin film. Thus, the tensile strength 
of the AP40 thin film on the Na-free substrate was more than 20 times higher than that of the 
Cu thin film deposited by the vacuum plating method. The covalent bonds between the trace 
amounts of Cu2+ ion present locally at the interface between the thin film AP40 and the O2− 
ions belonging to the Na-free glass molecules may assist in the formation of a robust interface 
between the Na-free glass substrate and the AP40 thin film. In fact, the tensile strength of the 
adhesion of the Cu2O thin film to the substrate fabricated using the MPM was 83(2) MPa.

Figure 10 presents the transmittance and reflectance spectra of the thin films. The transmit-
tance spectra of A, AP20, and AP40 are not significantly different in the UV-Vis region, and 
the transparency of AP40 is more than ~30% in the visible region. The infrared reflectance of 
AP40 is higher than 40% and reached 100% in the far-infrared region, whereas the reflectance 
of A was low, 20–30%, over this region. The MPM can facilely control the film thickness by 
adjusting the concentration of Cu ion in the precursor solution under identical spin-coating 
conditions. When the Cu thin film is 100-nm-thick, the conductivity is 1.8 × 10–5 Ω cm, and the 
transparency in the visible region is below 5%. Thus, a thicker film indicates higher conduc-
tivity, but reduced transparency.

Recently, we attempted to embed copper in narrow trenches (0.2–1.0 μm wide and 5.0 μm 
deep) by using the MPM. A new precursor solution was prepared by dispersing the Cu 
nanopowder (20–40 nm) into the abovementioned Cu precursor solution. Si substrates with 
the trenches were immersed in this precursor solution under ultrasonic vibration for 1 min 
and then slowly withdrawn from the solution. The dip coating and heat treatment steps were 
repeated twice. The cross-sectional FE-SEM images of the treated substrate indicate that the 
embedded copper fills the trenches without voids.
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5. Conclusion

Thermal reactions of metal complex films useful for ceramic thin film production such as 
Cu2O did not attract much attention for a long time, with the exception of the CVD procedure. 
However, we indicated that the MPM provides facile and unique routes to obtain p-type Cu2O 
and metallic Cu thin film with excellent adhesion to glass substrates, through the thermal 
reactions of metal complexes.

The importance of the metal complex in the MPM was presented by using the unprecedented 
thin film fabrication of p-type Cu2O, along with the recently elucidated reaction mechanism. In 
general, impurities such as nitrogen and carbon atoms interfere seriously with the functions 
of semiconductor devices. However, the present molecular precursor involving nitrogen and 
carbon atoms is necessary for fabricating an excellent p-type Cu2O thin film using this solution-
based process. Additionally, in the chemical fabrication of copper thin films with high conduc-
tivity, an organic ligand that reacts with the central Cu(II) ion is essential, and the atoms derived 
from the ligand, which can act as a reductant, prevent the produced copper from oxidation.

It is important that most of the originally included atoms in the MPM system are not involved 
in the resultant thin films if the amounts and treatment are appropriate. Therefore, the role 
of the ligand of the metal complex resembles that of auxiliary lines to solve geometrical prob-
lems in mathematics. In the sol-gel process, the similarity of the gel composition and the final 
oxides is desirable and is supposed to be an advantage of the method, though the rearrange-
ment of the polymerized amorphous species to the crystalline requires much energy. From 
this point of view, the concept of the MPM is quite different from that of the conventional 
sol-gel method and has many potential applications.

Figure 10. (A) The transmittance spectra of the resulting thin films. The lines indicate the following: ……A, ----AP20, 
and ━AP40, respectively. (B) The reflectance spectra of the resulting thin films. The lines indicate the following: ……A, 
----AP20, and ━AP40, respectively.
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Abstract

We review in this chapter the use of low-energy ion bombardment (LEIB) in oxide thin 
films. In most cases, radiation effects in oxides are ultimately based on the preferential 
sputtering of the oxygen anions, yielding a chemically reduced oxide. The physics gov-
erning the processes in the low ion energy range will be briefly commented here. Also, 
general uses and applications of LEIB are reviewed here, focusing later in those specific 
applications on oxide layers. LEIB in oxides has supported, for instance, the fabrication 
of conductive transparent layers on top of semiconductors or the formation of self-orga-
nized morphological surface patterns. Finally, we show a novel application of LEIB when 
applied on single-crystalline surfaces of some oxides, which is the formation of an epi-
taxial thin film of the corresponding suboxide. For instance, we show how ion bombard-
ment transform the surface of TiO2(110) into an epitaxial TiO(001) thin film.

Keywords: low-energy ion bombardment, oxide, thin film, defect, epitaxy

1. Introduction

Ion irradiation of solids has been a research topic for decades. In the keV range, the maximum 
penetration depth in the material does not exceed a few nanometers, and ions in this range of 
energies have traditionally assisted in the preparation and analysis of surfaces: it has served 
as a cleaning tool in vacuum conditions and, combined with surface analysis techniques, in 
compositional depth analysis or to assist in the growth of thin films. But low-energy ion bom-
bardment (LEIB) has been also a tool to controllably modify surfaces or thin films. It has 
several advantages over other surface modification methods: (a) its low penetration depth, 
which allows the modification of a shallow surface layer or a thin film, (b) the high degree of 
control by choosing the type of ion, energy, flux, and dose received by the sample, and (c) the 
possibility of modifying very small surface areas by using masks or focused beams.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



We focus in this chapter in this low-energy range (from a few hundred eV to a few keV), 
showing the capabilities of the technique for a specific family of systems: thin oxide films. 
Oxides are materials which display a huge plethora of physical and chemical properties, and 
in the form of thin films, they have been extensively studied in the last two decades. Its ample 
tolerance to defects favors the availability of compounds with different stoichiometries and 
properties. This is a source of complexity but also provides opportunities to explore many dif-
ferent properties in various fields, such as catalysis, magnetism, sensors, or electronics. LEIB 
stands as a very attractive experimental technique to modify the properties of oxide thin films 
by creating defects or inducing structural and compositional transitions.

Oxides are present in a large number of technological devices, and a growing number of appli-
cations will probably be found in the coming decades. For this to occur, a broad insight of their 
properties and a deep understanding of the role played by defects will be required. As in the 
case of silicon technology, where defect engineering is responsible for the precise and powerful 
control of electronic properties, defect engineering in oxides is for sure the tool to be exploited to 
enhance the performance of any present or potential device based in oxides. This is by no means 
a novel statement, for it has been well known for many decades that the presence of defects in 
oxides determines many of their properties. However, two challenges nowadays are (a) to acquire 
a more profound knowledge of defects properties in oxides and (b) to be able to introduce them 
in the surface of the material in a controlled way. LEIB is a good tool for this purpose but goes 
beyond the simple generation of defects. It also induces the formation of new structural phases 
or the generation of textured and nanostructured surfaces, as we will describe in this chapter.

1.1. Historical remarks

Ion sputtering, or the ejection of atoms from surfaces with energetic ions, is a phenomenon 
reported more than 150 years ago. The effect of sputtering was already described in 1853 by 
Grove [1], when he observed that the cathode metal located inside discharge tubes gradually 
coated the inner walls. The coating was caused by the positive ions of the discharges hitting 
the negatively charged metal cathode, sputtering atoms away from it subsequently coating 
the glass. However, this was not unambiguously verified until 1902, about 50 years later, 
when Goldstein [2] performed the correct experiments. In the meantime, other hypotheses 
were considered (such as that thermal evaporation induced by the discharge). But the effect 
of atomic collisions from positively charged ions was finally acknowledged. It was in the 
mid-1900s that a quantitative description of the sputtering process was reached and a sound 
theory was developed. Since then, hundreds of works have continued improving the existing 
theories and performing new experiments about surface sputtering. Some of these works are 
reviewed in the excellent work by Sigmund [3]. The purpose of many of these investigations 
has been the application of low-energy ion bombardment on a growing number of materials, 
where of course we can meet oxides.

1.2. Organization of the chapter

In this work, we start introducing the most important theoretical concepts related to ion 
bombardment, focusing around the low-energy range. As we are dealing with oxides, the 
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concept of preferential sputtering of multicomponent materials is discussed. Then, we pres-
ent some of the many applications or current uses of the technique for all types of materi-
als, such as the modification of the surface topography or the controlled introduction of 
surface defects. Next, we invoke those uses reported in the literature about oxide surfaces 
and thin films, grouped in two big sets: (a) those examples exclusively describing morpho-
logical, structural, and chemical changes of the surfaces and (b) those works reporting other 
associated physicochemical properties, such as electrical conductivity. Finally, we present 
two applications recently carried out in our research group, which is the formation of single-
crystalline epitaxial thin films of a suboxide when the surface of the corresponding oxide is 
ion bombarded: we report the formation of a TiO(001)/TiO2(110) thin film and a Fe3O4(111)/α-
Fe2O3(0001) bilayer.

2. Theoretical background

We present in this section a few theoretical concepts about some of the most relevant physical 
processes taking place during the collision of ions with solid surfaces. For a more profound 
study of the physics involved, the reader is referred to other works in the literature [3, 4].

2.1. Ion stopping

Several mechanisms are active when an ion enters a solid material, dissipating its initial 
energy. Ion stopping in a solid can take place by interactions with both the electrons and 
ions of the crystal. The physical quantity describing the interaction of the ion with the solid is 
the stopping power or cross section S(E), which depends on the ion energy, and so it can be 
divided into two terms, an electronic (e) and a nuclear (n) term:

  S (E)  =  S  e   (E)  +  S  n   (E)  = -  1 __ N   (   (  dE ___ dx  )   
e
   +   (  dE ___ dx  )   

n
  )   (1)

As Eq. (1) states, S(E) can be also described in terms of the energy loss rate dE/dx, being N the 
number density of atoms in the crystal. It is interesting to note that, as a universal reference, 
energy losses are typically of several hundreds of eV/nm in the low-energy range.

Collisions of the incident ion with electrons are more frequent, but in the range of low-to-
medium energies, they have a little effect on the main trajectory of the ion (because of their 
small mass). In these ranges, electronic stopping has a comparable effect to that of a viscous 
flow continuously reducing the kinetic energy of the ion. In contrast, the interaction with the 
ions is more discrete, taking place between elastic consecutive collisions. For these nuclear 
losses, a simple elastic model using conservation of momentum describes the maximum 
transferred energy Tmax from an incident atom to the struck atom as

   T  max   =   
4  E  0    M  1    M  2   ________   ( M  1   +  M  2  )    2 

    (2)

where M1 and M2 are the masses of both atoms and E0 is the kinetic energy of the incident one.
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Depending on the nature of the collision, the effect produced has been typically classified 
in three regimes. In the single knock-on regime, the incident ion generates a small cascade of 
events, where atoms sequentially transfer their energy. Eventually, one of the atoms surpasses 
the lattice binding forces and is ejected out of the solid. But if the ion is sufficiently energetic, 
secondary cascades are generated, each of which can produce their own sputtered atoms. But 
the whole process can still be described as a sum of individual events. This is called the linear 
cascade regime. If, instead, the energy density of the collision is very high and most of the 
atoms located in a region are severely displaced from their equilibrium positions, looking more 
like a melted fluid, the regime is called thermal spike. The range where a given event is placed 
depends not only on the ion energy but also on the ion mass. As can be deduced from Eq. (2), a 
light ion (H+, He+, etc.) is very inefficient in its energy transfer Tmax and enters the spike regime 
at very high ion energies. Most of the cases considered in this chapter, with medium-mass ions 
(mostly Ar+) with up to a few keV of energy, lie in the single knock-on or linear cascade regime.

2.1.1. Ion range

To evaluate the spatial range of the area of the ion-bombarded material, the most important 
concept is that of the ion range R. The ion range in a solid is the integrated distance traveled 
by the ion before it stops after reducing its energy to zero, and so it is defined as

  R =  ∫   E  i  
  

0

      dE _____ dE  /  dx    (3)

Another useful magnitude is the projected range Rp, defined as the distance of R projected 
along the incoming direction of the ion before entering the solid. In the case of normal inci-
dence, Rp is just the depth at which the ion remains implanted, which is not necessarily the 
distance traveled R. Figure 1 shows schematically these parameters.

2.2. Partial sputtering yield

The sputtering yield is the average number of atoms leaving the solid per incoming ion. An 
atom is sputtered off the solid when it receives an impact which overcomes the threshold 
energy and has the possibility to exit the solid and enter the vacuum region. While the former 
condition is achieved by many atoms involved in cascade collisions, the last condition is only 
fulfilled by a few atoms close to the surface with their linear momentum pointing away toward 
vacuum.

As we are dealing with oxides, the concept of preferential sputtering is the most important 
one. Ion irradiation of multicomponent surfaces always involves compositional changes. Many 
works in the literature deal with these types of processes, which we will briefly expose here 
(the reader is referred to Ref. [5] for an excellent review of the topic). The most important physi-
cal quantity in a multicomponent material is the partial sputtering yield Yi of element i, which 
is the average number of ejected i atoms per incoming ion. Mathematically, it can be defined as

   Y  i   =  ∫  0  
-∞

    p  i   (z)   N  i   (z)  dz  (4)

Modern Technologies for Creating the Thin-film Systems and Coatings24



Depending on the nature of the collision, the effect produced has been typically classified 
in three regimes. In the single knock-on regime, the incident ion generates a small cascade of 
events, where atoms sequentially transfer their energy. Eventually, one of the atoms surpasses 
the lattice binding forces and is ejected out of the solid. But if the ion is sufficiently energetic, 
secondary cascades are generated, each of which can produce their own sputtered atoms. But 
the whole process can still be described as a sum of individual events. This is called the linear 
cascade regime. If, instead, the energy density of the collision is very high and most of the 
atoms located in a region are severely displaced from their equilibrium positions, looking more 
like a melted fluid, the regime is called thermal spike. The range where a given event is placed 
depends not only on the ion energy but also on the ion mass. As can be deduced from Eq. (2), a 
light ion (H+, He+, etc.) is very inefficient in its energy transfer Tmax and enters the spike regime 
at very high ion energies. Most of the cases considered in this chapter, with medium-mass ions 
(mostly Ar+) with up to a few keV of energy, lie in the single knock-on or linear cascade regime.

2.1.1. Ion range

To evaluate the spatial range of the area of the ion-bombarded material, the most important 
concept is that of the ion range R. The ion range in a solid is the integrated distance traveled 
by the ion before it stops after reducing its energy to zero, and so it is defined as

  R =  ∫   E  i  
  

0

      dE _____ dE  /  dx    (3)

Another useful magnitude is the projected range Rp, defined as the distance of R projected 
along the incoming direction of the ion before entering the solid. In the case of normal inci-
dence, Rp is just the depth at which the ion remains implanted, which is not necessarily the 
distance traveled R. Figure 1 shows schematically these parameters.

2.2. Partial sputtering yield

The sputtering yield is the average number of atoms leaving the solid per incoming ion. An 
atom is sputtered off the solid when it receives an impact which overcomes the threshold 
energy and has the possibility to exit the solid and enter the vacuum region. While the former 
condition is achieved by many atoms involved in cascade collisions, the last condition is only 
fulfilled by a few atoms close to the surface with their linear momentum pointing away toward 
vacuum.

As we are dealing with oxides, the concept of preferential sputtering is the most important 
one. Ion irradiation of multicomponent surfaces always involves compositional changes. Many 
works in the literature deal with these types of processes, which we will briefly expose here 
(the reader is referred to Ref. [5] for an excellent review of the topic). The most important physi-
cal quantity in a multicomponent material is the partial sputtering yield Yi of element i, which 
is the average number of ejected i atoms per incoming ion. Mathematically, it can be defined as

   Y  i   =  ∫  0  
-∞

    p  i   (z)   N  i   (z)  dz  (4)

Modern Technologies for Creating the Thin-film Systems and Coatings24

where the partial sputtering yield depends on the density Ni (z) of atoms of type i (in atoms 
per unit volume) at a given depth z below the surface and with a sputtering probability pi (z), 
which decays to zero with increasing depth.

2.2.1. Preferential sputtering of oxygen

In a simple binary oxide, the ratio between the partial sputtering yields can be described as Eq. (4)
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where Ni are the atomic densities, Mi are the masses, and Ui are the binding energies of the 
species (M stands for the metal cation and O for the oxygen anion). m is an exponent which 
characterizes the type of interatomic potential describing the collision and varies from 1 to 0 in 
the range from high to very low energies, respectively. Eq. (5) predicts that oxygen atom (the 
lightest atom and also frequently the most weakly bound to the crystal lattice) will be more 
easily ejected off the solid. However, Eq. (5) only describes a transient state. If the ion penetra-
tion depth is much smaller than the thickness of the sample bombarded, a steady state (after 
a sufficiently large ion fluence) will be reached where the bombarded material loses elements 

 Figure 1. Scheme of the main parameters from Eqs. (3) to (6) for an ion impinging a surface at an angle θ. The center of 
the ellipsoid represents the region where the ion deposits most of its energy.
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in a ratio equal to its bulk composition. That is a simple consequence of mass conservation, 
and it is achieved if mass diffusion to long distances is not relevant.

According to the effects previously addressed, a clear consequence of ion sputtering is the for-
mation of a modified layer, not only in terms of its structure or its density of defects but also in 
terms of chemical composition. A fact to take into account is that the depth of the altered layer 
may be larger than the penetration depth of the incoming ions. The reason can rely on ther-
mal or bombardment-induced diffusion. Dissipated energy, either from the ion beam or from 
mechanical agitation from collisions, enhances diffusion. The diffusion is driven by a chemi-
cal gradient, which can be present even from many atomic layers below Rp (so, relatively far 
from the direct influence of the impinging ion).

3. Applications of low-energy ion bombardment

3.1. Surface cleaning and sample preparation

Probably, the most extended application of ion bombardment is the cleaning of the surfaces 
prior to their analysis or before another physical or chemical process. For instance, those sur-
faces of hard drilling tools which are to be coated with nitrides by means of physical vapor 
deposition (PVD) are usually exposed to Ar+ prior to the coating. The reasons are the cleaning 
of the surface and the enhancement of atomic rugosity, which will favor mechanical adhe-
sion of the coating, and thus will warrant a longer life of the tool. This process is one of the 
many examples in surface science and engineering which requires LEIB. Another extended 
use occurs for transmission electron microscopy (TEM), which requires thin (electron trans-
parent) samples. The final stage is usually carried out with ion bombardment, usually named 
ion milling.

3.2. Secondary ion mass spectroscopy (SIMS)

Ion bombardment, sometimes in conjunction with surface analysis techniques, has been tradi-
tionally used to obtain surface composition. Secondary ion mass spectroscopy (SIMS) analy-
ses, with the help of a mass spectrometer, the nature of the atoms sputtered from a surface 
with an ion beam [6]. It is a useful technique to carry out depth profiling studies, especially if 
combined with XPS or Auger spectroscopy. However, the change in the chemical state of the 
surface, induced by the ion beam, must always be taken into account (except if the surface 
layer or layers to be analyzed are single component).

3.3. Improvement of thin-film growth

The simultaneous combination of thin-film growth (by means of any vacuum technique) 
and LEIB has been frequently employed to explore different states of the film grown and to 
improve the required properties. The effect of the incoming energetic ions has a profound 
influence in the morphology of the film, as well as in its defect density, which in turn modifies 
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many other properties. The technique, usually called ion-beam-assisted deposition (IBAD), 
can produce a number of beneficial changes in several characteristics of the film, such as 
density, texture, residual stresses, adhesion, or crystalline order. Of course, this technique has 
been applied to thin films of oxides [7]. In most cases, the main role of the ions of the beam 
is to deposit energy, creating defects and inducing diffusion and mobility. But in some other 
cases (this is usually named reactive IBAD), the second role of the atoms in the beam is to 
chemically react with surface species to form compounds.

3.4. Controlled generation of surface defects

If bulk defects control many properties of solids (dislocations in the case of mechanical proper-
ties of metals or point defects in the case of optical properties of many oxides, to mention two 
time-honored examples), surface defects may as well control some surface physicochemical 
properties. The most paradigmatic example is that of the so-called active centers [8], which 
control some catalytic conversions and which have been proposed to be surface steps [9] or 
vacancies. A profound knowledge of the physical and chemical properties of surface defects 
requires a well-known process to generate them controllably, and LEIB is a good tool for that 
purpose [10–12]. Under the correct parameters (energy, dose, temperature, etc.), it can gen-
erate a broad spectrum of surface defects (surface vacancies, adatoms, linear steps, vacancy 
islands, etc.), which can be subsequently studied for whatever phenomenon of interest [13, 14]. 
Also, the kinetics of flattening of an initially rough surface, with the roughness induced with 
LEIB, has been studied for different types of materials (among them, also oxides). For instance, 
for the case of TiO2(110) and after low ion doses (only 0.5 monolayers were sputtered), a power 
scaling law has been found for the high-temperature evolution of the width w of the surface 
terraces as w ~ t0.24 [15].

3.5. Surface nanopatterning

One of the first phenomena observed on ion-bombarded surfaces was the formation, in some 
cases, of ordered structures with a well-defined periodicity of a few tens of nanometers [16]. 
These patterns, usually in the form of ripples, may develop spontaneously from an initially 
flat surface as a result of several competing mechanisms which are active in a wide variety 
of materials. This phenomenon soon caught the attention of the scientific community for its 
interest and potential applications. The method just requires an ion beam homogeneously 
irradiating a surface and can easily pattern macroscopic areas of the order of mm2 or cm2 (once 
the correct processing conditions have been achieved). Thus, the absence of masks, compli-
cated nanolithographic methods, or focused ion beams is very attractive from the technologi-
cal point of view.

As already mentioned, the self-organized nanostructures spontaneously emerge under those 
experimental conditions which promote a clearly balanced competition between opposed 
kinetic processes occurring at the surface. Ion bombardment induces surface disordering 
and roughening, while surface diffusion favors smoothing and defect annihilation. These 
two main opposed trends, acting under nonequilibrium conditions and summed with other 
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mechanisms or condition characteristic of each type of surface, determine the evolution and 
the final morphology of the surface.

The family of theories describing surface patterning is too ample to be mentioned here, but 
we can briefly comment here on the most acknowledged model, which accounts for the for-
mation of ripples under an off-normal incident ion beam. This is the Bradley-Harper (BH) 
model [17], which successfully explains the dynamics of ripple formation in isotropic and 
amorphous surfaces: the ripples are parallel to the incident direction of the beam under high 
incidence angles and perpendicular to the beam direction under angles close to be grazing. 
To understand the BH model, one must consider the distribution of surface defects created 
by ion collisions. This is described by the Sigmund model [18], which accounts, under a con-
tinuum model approach, for an ellipsoidal average distribution of energy deposited under 
ion impacts formulated as

  E ( z   ′ , ρ)  =   ε ________   (2π)    1.5  α  β   2    exp  (-    ( z   ′  - a)    2  _____ 2  α   2    -   
 ρ   2 

 ___ 2  β   2   )   (6)

Under cylindrical coordinates, z′ and ρ are the radial and longitudinal components, oriented 
along the initial incidence ion direction. α and β are the longitudinal and lateral spreadings 
of the spatial distribution, a is the center of the ellipsoidal distribution, and ε represents the 
total energy deposited. Figure 1 graphically displays these parameters. That part of the energy 
deposited close to the surface will create a surface vacancy by sputtering an atom off the solid. 
Bradley and Harper used the Sigmund distribution to account for the creation of surface defects, 
describing their effect on surface topography h(x,y,t) with a partial differential rate equation, 
where x represents the direction parallel to the projection of the ion beam on the surface:

    
∂ h (x, y, t) 

 ________ ∂ t   = - Y  0   (θ)  +   
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The first term in Eq. (7) is the erosion rate Y0 for a flat surface, whose explicit dependency 
with the incidence angle θ is considered in the second term. The third and fourth terms 
take into account the contribution to roughening with the most important mechanism: the 
curvature-dependent sputtering yield. The concave regions of the surface have a larger prob-
ability to be even more eroded by the ion beam. Surface atoms at the valleys are more easily 
sputtered than those at the crests, so that once a valley is initiated, its height difference with 
the crests continues growing. This is, very naively described, the surface instability neces-
sary to start the formation of ripples. The last term considers surface smoothing by atomic 
self-diffusion.

The BH model is relatively simple, and more advanced equations, including higher order 
terms or surface anisotropy, have been developed in the last two decades. But the BH model, 
as described by Eq. (7), agrees well with many experimental results, including the rotation of 
the ripples depending on the incidence angle of the ion beam. The BH theory only considers 
amorphous and isotropic solids and ignores the existence of crystallographic directions and 
surface steps. Surprisingly, the BH theory has proven successful in many crystalline surfaces 
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and has been a good starting point in other cases. However, surface anisotropy induces new 
effects and mechanisms to be taken into account. For instance, surface steps may limit dif-
fusion via Ehrlich-Schwöbel barriers, or may determine etching rates at low grazing angles, 
as we will see later. In any case, ion beam patterning has been observed in different types of 
materials, including oxides. We will refer to those works on surface nanopatterning of oxides 
in a specific section later.

4. LEIB of oxide surfaces and thin films

Oxides are a colossal family of materials, both in the sense of the existing diversities and 
of the properties displayed. The specific and complex nature of the bond between the oxy-
gen and the metallic cation favors the existence of a vast set of functionalities in oxides. 
Complicated interactions are present, which cross-link the different properties of the oxide. 
Also, there is a huge variety of defects in oxides, which are rather abundant, on the other 
hand. This circumstance enormously obscures the profound understanding of the physical 
mechanisms involved in oxide properties but also assists in the modification or control of 
these properties.

Oxide thin films lie at the core of many technological devices [19]. Indium-tin-oxide (ITO) 
conductive and transparent coatings are a good example of this statement. The modifica-
tion of the surface morphology and the controlled introduction of defects in thin oxide 
films are tools to improve their response in their respective applications. LEIB can assist in 
this task.

4.1. Modification of the morphology

Oxides have been also used to spontaneously generate ordered nanostructures in their sur-
faces with LEIB. Indeed, the first reported example took place for a glass surface bombarded 
with Ar+ at 4 keV by Navez in 1956 [16]. The authors discovered at that moment the formation 
of ripples separated by tens of nanometers. For incidence angles close to normal incidence 
and up to θ = 80°, the direction of the ripples was perpendicular to the incidence angle. For 
grazing angles, in contrast, the direction of the ripples was parallel to the ion beam. This was 
probably the first time that the ripple rotation mechanism, later explained in the BH theory, 
was observed. Recent works on amorphous SiO2 have found that, while the quantitatively 
results are similar [20], there are differences depending on the type of silica (fused silica, 
amorphized silica, or thermally grown SiO2). The wavelength dependence on the energy and 
the wavelength coarsening vary with the substrate, which in turn depends on their surface 
energies (see Figure 2). It is interesting to note that, for low incidence angles, the surfaces 
remain smooth.

Although we focus in this chapter in the use of low-energy ions, medium energies have been 
used to nanostructure oxide surfaces too, and we would like to briefly mention it. However, 
in those cases where the energy is of the order of 10–100 keV, new mechanisms arise in the 
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evolution of the surface morphology, which are far from the mechanisms invoked by BH 
theories and similar. That is the case of anatase TiO2, for example, where different types of 
ions have been used to bombard the samples at different temperatures [21]. At these ener-
gies, the ion projected range Rp lies deep below the surface (of the order of tens of nano-
meters), and the agglomeration of point defects evolves into small voids in the first stages 
of ion bombardment. Further bombardment and void growth transform the initially flat 
surface into a morphology of void and mounds or nanorods aligned with the ion beam. In 
contrast, for the case of low-energy ions, the evolution of morphology does not include void 
formation, but is more limited to the formation and evolution of defects in the upper layers 
of the material.

Since TiO2(110) is the most studied oxide surface, it can be understood that the nanopattern-
ing of this surface has been addressed several times. In the case of low-energy ions, the mor-
phology of the surface is, in many cases, rough and disordered if the bombardment takes 
place at room temperature. Diffusion is more limited in oxides than in metals, and there is no 
active mechanism to induce self-ordering at low T. In the case of TiO2(110) bombarded with 
Ar+ with an energy between 0.5 and 1.5 eV at room temperature, a disordered set of mounds 
is distributed across the surface [22]. These mounds are proposed to be chemically reduced 
oxide Ti2O3 regions, which align themselves along a given crystallographic direction under a 
thermal treatment between 700 K and 900 K.

However, at higher temperatures, the formation of ordered ripples in TiO2(110) at grazing 
incidence has been reported in Ref. [23]. The TiO2(110) orientation has two nonequivalent 
in-plane surface directions: (001) and (1–10). At low incidence angles, the existence of surface 
steps is determinant in ripple formation. Indeed, sputtering from terraces is about one order 
of magnitude smaller than from step edges. Also, the sputtering yield or erosion rate of the 
different steps differs, and the consequence is that the total sputtering yield is larger when the 
beam is directed along the [1–10] direction than when it is oriented along the [001] direction. 
Despite all, at sufficiently long bombardment times, the beam direction does not affect too 

 Figure 2. Ripple wavelength dependence on ion energy (left) and total ion dose (right) for three different SiO2 surfaces. 
The total dose for the graph on the left is Φ = 1 × 1018 cm−2. The incidence angle for both graphs is 45°. Reproduced with 
permission from Ref. [20].
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much the morphology of the formed ripples, somehow demonstrating the universality of the 
method for patterning large areas in different materials.

Another phenomenon which also recalls universality is the temperature-dependent reorien-
tation of the ripples observed in TiO2(110) [24], in the same way as for many metal surfaces. 
While at low (150 K) and high (620 and 720 K) temperatures ripples are aligned along the 
beam direction, at 300 K they are aligned perpendicularly, as illustrated in Figure 3. The 
same group has used LEIB as a tool to prepare TiO2(110) surfaces with steps aligned along 
special orientations [25]. The method can be viewed as the equivalent to surface texturing 
with ion beams when the grains with higher sputtering yields destabilize. In this case, the ion 
beam under a low incidence angle preferentially erodes some specific steps, creating [1–10] 
steps. These are thermodynamically unstable but kinetically stabilized within this approach. 

 Figure 3. (a), (b), (c) and (d): STM images (200 × 200 nm2) of Ar+-modified TiO2(110) surfaces, where the bombardment 
has been carried out at different temperatures under an incidence angle of 75°, an ion energy of 2 keV, and a total dose 
of 9 × 1016 ions/cm2. The LEED pattern in (a) shows the crystalline order of the surface even after ion bombardment. All 
ripples are elongated along the beam projection, except for the case where bombardment has been done at RT. The black 
vertical arrow in (a) marks the projection of the beam on the surface and the horizontal black arrows mark the indicated 
crystallographic direction. Reproduced with permission from Ref. [24].
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This work illustrates how grazing LEIB can be used to tune and texture certain surface steps, 
which can be relevant for applications sensitive to specific step orientations.

4.2. Modification of the electronic properties

Oxygen vacancy creation has been traditionally used to modify electronic properties of oxides. 
It is indeed a route to doping, since excess electrons (due to oxygen vacancies) can be trans-
ferred to the conduction band, transforming the material into a better conductor. This type 
of approaches has been sometimes referred to as vacancy engineering. The control to achieve 
the desired vacancy concentration can be gained through post-growth thermal annealings or 
during the growth, controlling experimental parameters such as the oxygen partial pressure 
or the laser energy if the material is grown by sputtering or by pulsed laser epitaxy (PLE) [26]. 
As already discussed, LEIB can be also helpful to control oxygen vacancies. Indeed, many of 
the most recent applications of LEIB on oxide surfaces are related to the modification of elec-
tronic and transport properties for different applications. In turn, other fundamental prop-
erties, such as the optical response, are modified as well. Most of the studies about oxides 
modified with LEIB have been accomplished on SrTiO3 and TiO2.

It is easy to understand that one of the oxides where LEIB has been most often employed to 
exploit its properties is SrTiO3 (STO), a transparent insulating perovskite with many intrigu-
ing characteristics and also frequently used as a substrate to grow other materials on it. A 
very interesting phenomenon is that LEIB can generate a conductive layer at its surface, and 
that has been the subject of several studies. There is a clear correlation between conductivity 
and the concentration of oxygen vacancies created by ion bombardment in STO [27]. The 
resistivity values of a modified nanometric layer obtained after bombarding a SrTiO3(100) 
surface can follow a ~ T2.5 law, dominated by the mobility of the carriers, and attain very low 
values (between 2 × 10−4 and 6 × 10−4 Ω cm at room temperature) without losing transpar-
ency [28]. In order to compare, some of the best conducting STO samples were previously 
produced by boron implantation at 100 keV, resulting in relatively thick and nontransparent 
conducting layers with resistivity values of about 0.01 Ω cm [29]. Thus, LEIB on STO is able 
to produce transparent conductive layers competitive with ITO layers, with an even smaller 
thickness.

This type of conductive layers formed by LEIB has also been reported in rutile TiO2 [30], 
reporting again high carrier densities and mobilities. The authors account for a high crystal-
lographic order in the ion-bombarded region of the TiO2(100) surface, which is not compatible 
with the rutile structure and which is attributed to the ordering of the vacancies produced by 
ion bombardment.

With respect to optical properties, hole levels in self-trapped states localized in the gap can 
be stabilized by conduction carriers (generated by oxygen deficiency) in Ar+-bombarded sin-
gle-crystalline STO [31]. Their recombination generates the emission of blue light at room 
temperature, and the emitting regions can be conveniently patterned. Cross-sectional TEM 
images show the formation of amorphous and modified (oxygen deficient) layers under the 
action of the ion beam (Figure 4).
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that has been the subject of several studies. There is a clear correlation between conductivity 
and the concentration of oxygen vacancies created by ion bombardment in STO [27]. The 
resistivity values of a modified nanometric layer obtained after bombarding a SrTiO3(100) 
surface can follow a ~ T2.5 law, dominated by the mobility of the carriers, and attain very low 
values (between 2 × 10−4 and 6 × 10−4 Ω cm at room temperature) without losing transpar-
ency [28]. In order to compare, some of the best conducting STO samples were previously 
produced by boron implantation at 100 keV, resulting in relatively thick and nontransparent 
conducting layers with resistivity values of about 0.01 Ω cm [29]. Thus, LEIB on STO is able 
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This type of conductive layers formed by LEIB has also been reported in rutile TiO2 [30], 
reporting again high carrier densities and mobilities. The authors account for a high crystal-
lographic order in the ion-bombarded region of the TiO2(100) surface, which is not compatible 
with the rutile structure and which is attributed to the ordering of the vacancies produced by 
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temperature, and the emitting regions can be conveniently patterned. Cross-sectional TEM 
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action of the ion beam (Figure 4).
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Under certain conditions, LEIB can also modify the optical properties of TiO2(110) substrates, 
greatly enhancing its absorbance in the visible range and its luminescence [32]. The forma-
tion of self-organized crystalline nanodots at the surface and the generation of Ti interstitials 
justify this optical response. In general, this type of investigations opens a path to explore the 
field of oxide optoelectronics.

Another potential application where LEIB on oxides has found a niche is the generation of sub-
strates suitable for resistive switching (RS) processes, which lie at the core of the nonvolatile 

 Figure 4. (a) TEM cross-sectional image from an Ar+-modified STO single crystal. (b)–(d) electron diffraction images of 
the (b) red, (c) blue, and (c) yellow regions of the material. Diffraction patterns from (c) to (d) are qualitatively similar, 
but the contrast in the real space image suggests that a modification indeed exists: the ion beam transforms the upper 
layer of pristine STO into an amorphous film (red region) and induces the formation of an oxygen-deficient SrTiO3−x 
region with a thickness around 15–20 nm (blue region). Reproduced with permission from Ref. [31].
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data-storage memristor technology. This technology, which is still in its exploratory stages, is 
based in the existence of on/off states which depend on the electrical resistance level of the bit 
(rather than on the electrostatic or magnetic state). The state can be switched with external elec-
tric fields in oxides, which force a metal-insulator transition (MIT). TiO2 is a good candidate 
for this purpose, but it has been found that a previous forming step involving LEIB radically 
improves the RS process [33]. The conductive 2D layer generated consists in a set of self-orga-
nized grains with a locally reduced chemical composition. This distribution of grains is a kind 
of template where bipolar switching between a semiconductor and a metallic state (induced 
with a conductive atomic force microscopy (AFM) tip) is localized at the grains. Figure 5 illus-
trates a progressive chemical reduction and a declining electrical resistance of the TiO2 surface 
during ion bombardment. The same type of mechanism has been found in STO substrates 
[34] with rather low-energy Ar+ ions (66–200 eV). LEIB greatly improves the resistive memory 
effect, if compared with pristine STO. In these cases, thermal annealings would create vacan-
cies and would also improve the electrical conductance for RS processes. But the influence of 
LEIB is limited to the upper layers of the material and can be thus combined with focused ion 
beam methods or shadow masking to pattern surfaces.

Oxides exhibit outstanding magnetic properties, and in this respect, LEIB can be employed 
to modify the microstructure and consequently the magnetic response of the oxide layer. 
Bilayers of Ni80Fe20/α-Fe2O3 grown on SiO2 exhibit, for instance, a different coercivity depend-
ing on the growth mode [35]. If ion bombardment is carried out on the α-Fe2O3 layer before 
the growth of the Ni80Fe20 film, the uniaxial anisotropy of this layer is reduced, exhibiting a 
lower coercivity. This is a clear example of how the coupling between a ferromagnetic layer 
and an antiferromagnetic layer can be tuned with LEIB.

Regarding the modification of interfaces, we can mention that STO, in combination with other 
insulating oxides such as LaAlO3 (LAO), forms a heterostructure with remarkable conductive, 

 Figure 5. (a) Quantitative changes in the concentration of Ti cations with the sputtering time, as measured with XPS. (b) 
Behavior of the resistance (in Ω/μm2) of the modified layer with sputtering time. Adapted with permission from Ref. [33].
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magnetic, and superconductive properties at the interface. The surprising origin is the stabili-
zation of an emerging 2D electron gas (2DEG). There are examples of the modification of the 
2DEG in LAO/STO interfaces [36]. They have shown that the conducting state at the inter-
face can be completely suppressed with Ar+ bombardment at 150 eV. The conductivity can 
be then restored with a high-temperature annealing in the presence of oxygen. The authors 
suggest that the strain induced by Ar implantation causes local destabilization and partial 
amorphization. These disordered regions localize defect states where charges are trapped, in 
the same way as in other types of semiconductors. The annealing eliminates the Ar and heals 
defects, restoring the initial conductivity. The LEIB approach has been also used to create a 
2D electron gas in an Ar+-bombarded SrTiO3(100) surface [37], which shows an increase of the 
low-temperature magnetoresistance when the magnetic field H points away from the surface. 
This and other effects are closely related to electron confinement, generated in this latter case 
by the modifications induced by ion bombardment.

5. Formation of epitaxial thin films of oxides

We present, in this final section of the chapter, a rather specific but quite surprising capability 
of ion bombardment, which we have successfully proven in a rutile TiO2(110) substrate. As we 
have seen in previous sections, LEIB is a commonly used process to modify the physicochemi-
cal properties of oxide surfaces. In this respect, the literature has usually described the result-
ing material as a defective and chemically reduced version of the oxide, lacking a profound 
knowledge of the real structure. As all properties ultimately depend on the structure, the situ-
ation is highly undesirable. We show here a case where the structure of the abovementioned 
ion-bombarded surface is well defined after the modification.

The purpose of this section is to show that the use of LEIB on a surface of a single-crystalline 
oxide can induce the formation of a single-crystalline and epitaxial thin layer of the corre-
sponding suboxide. For the case of TiO2(110), we show here that high doses of Ar+ bombard-
ment of the single crystal produces a 10 nm thick film of TiO(001) [38].

It is well known that the progressive depletion of oxygen in polycrystalline materials dur-
ing ion bombardment can, in some cases, induce the formation of a new phase with the 
cation in a lower oxidation state. In other words, the formation of a crystalline suboxide 
(i.e., with well-defined Bragg reflections) can be promoted. The main message of this sec-
tion is that if the starting point is a single-crystalline surface (instead of ion bombarding a 
polycrystalline material) and if there is some kind of structural affinity or matching with 
a particular crystallographic orientation of the suboxide, this suboxide can nucleate and 
grow epitaxially coupled to the original oxide, being a thin epitaxial film the outcome of 
the process.

5.1. Formation of a TiO(001) thin film on TiO2(110)

Titanium dioxide is, with its different structures, a wideband semiconductor with many appli-
cations in technology. It has been also, along the years, a benchmark for the fundamental study 
of oxide surfaces. In fact, as we mentioned before, TiO2(110) is the most studied oxide surface 
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[39]. Regarding its optical properties, it is very transparent and has a high refractive index, 
which together with its stability, non-toxicity and the easy synthesis of small particles, justifies 
its extensive use as a white pigment. It also displays a very interesting photocatalytic activity. 
This property, along with its particular interaction with water, has fostered the investigation 
and the use of TiO2 as a self-cleaning coating [40]. As we have previously discussed, also in 
the field of resistive switching, the investigation with TiO2 has found a satisfactory feedback.

The starting point of the modification we describe here is a rutile TiO2(110) clean and flat 
surface, which is ion bombarded with Ar+ at 3 keV at room temperature with doses up to 
8 × 1016 ions cm−2. Auger electron spectroscopy (AES) shows a clear chemical reduction: a 
decrease of the O/Ti ratio and a shift of the TiLMM and TiLMV transitions to higher kinetic 
energies. The incidence of the ion beam is normal, and so the modified surfaces show a 
rough topography, but with no recognizable pattern or symmetry as seen with atomic force 
microscopy (AFM). However, X-ray diffraction of the bombarded surfaces already shows 
the emergence of a new reflection (not present in the pristine sample) compatible with the 
cubic rock salt titanium monoxide phase with its (001) crystallographic direction oriented 
along the surface normal (Figure 6a). Low-energy electron diffraction (LEED) measure-
ments performed before and after the modification show the transformation of the rect-
angular surface diffraction pattern corresponding to TiO2(110) to a different diffuse LEED 
pattern displaying square symmetry, with its main directions rotated 45° with respect to the 
TiO2(110) directions (Figure 6b–d).

Grazing incidence XRD (GIXRD) measurements help determine the crystalline orientations 
of both the dioxide and monoxide phases. HK scans in reciprocal space (those which explore 
the in-plane directions) show all the allowed reflections (not subject to extinction rules) of 
TiO(001) and TiO2(110), confirming the 45° rotation of the square surface lattice of TiO(001) 
with respect to the rectangular surface lattice of TiO2(110) (blue and black lattices, respectively, 
of Figure 6e). L scans (to explore the out-of-plane direction) determine that the periodicity of 
the TiO phase is indeed the corresponding one. These observations confirm the ion-induced 
transformation of the upper layers of TiO2(110) into TiO(001), with the particularity that both 
lattices are in registry. Being both lattices rotated 45°, the matching is almost perfect along 
the [001] direction of TiO2(110). Along the [1–10] the mismatch is large (about 10%), which 
clarifies the observations carried out with LEED, XRD, and scanning transmission electronic 
microscopy (STEM), all of them revealing the tilting of the lattice along that direction. This 
tilting, probably stabilized by the existence of misfit dislocations, helps relieve that large 
mismatch along that particular direction. STEM cross-sectional images of the modified layer 
show the homogeneity of the modified layer, revealing a constant thickness of 10 nm and its 
relatively good crystallinity.

Density functional theory (DFT) calculations confirm the high stability of the interface for a 
particular structural configuration, with an energy estimated to be γint = 3.2 J m−2. The good 
structural and chemical matchings justify this low value. Also, the calculations suggest that a 
contraction of the TiO bonds at the interface (the out-of-plane TiO distance slightly increases 
with the interface distance) is due to the charge transfer from TiO to TiO2, resulting in an 
interface with metallic character.
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All results together indicate that the initial stages of ion bombardment induce the forma-
tion of a chemically reduced and defective version of the dioxide at the initial stages, which 
transforms into a very disordered (or even amorphous) phase for intermediate doses, as the 
rutile structure is not stable for a high density of defects. The absence of a LEED pattern after 
medium doses supports the existence of this disordered intermediate phase. At sufficiently 
high doses, while preferential oxygen sputtering continues operative, the TiO(001) phase 
emerges, favored by the good registry between both oxides at the interface.

 Figure 6. (a) θ−2θ scan of a TiO2(110) single crystal after ion bombardment. A new reflection from TiO(002), not present 
before, emerges. (b) LEED image of the TiO2(110) surface before LEIB, (c) during LEIB, and (d) after LEIB and a soft 
thermal annealing. New spots (marked with arrows), with a different symmetry, appear. They become sharper after 
the annealing. All diffractograms are taken at E = 63 eV. (e) X-ray diffraction HK map in reciprocal space of the ion-
bombarded TiO2(110) surface, where both sets of reflections are seen: black for TiO2(110) and blue for TiO(001). The two 
surface lattices, with their corresponding lattice vectors, are marked. (f) Scanning transmission electron microscopy 
(STEM) image of the irradiated layer. The transformed surface is seen. (g) Higher magnification STEM image and fast 
Fourier transform (top right) of the image. The yellow rectangle is a detail of the interface. Adapted with permission 
from Ref. [38].
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An interesting fact is that the thickness of the modified layer (10 nm) is larger than the average 
depth where most of the ion damage is generated (around 4 nm, according to SRIM simula-
tions). This implies that diffusion is active, probably assisted by radiation, and also enhanced 
by a locally higher temperature due to the dissipation of the energetic ions. Most probably, 
mass transport is governed by interstitial Ti cations [41, 42] generated by ion bombardment, 
which migrate to the interface transforming it locally into TiO. The interface thus advances 
toward the bulk. When the diffusion length of the species is not sufficiently long to compen-
sate for the receding surface (atoms are being continuously sputtered by the ion beam), then 
a steady state is reached, and the thickness of the modified layer saturates.
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Abstract

Thin film devices are conquering many aspects of today’s life, and continuous shrinking
of building block dimensions of  these structures enhances their  performances and
makes them economically attractive. This chapter is an overview of some conventional
and  unconventional  lithography  techniques  used  to  fabricate  thin  film  functional
structures. Several aspects of pattern transfer were addressed with emphasis on the
limits of these lithography techniques. We have thus highlighted the issue of pitch
resolution for optical lithography and discussed some aspect of proximity effects for
electron beam lithography. Pattern transfer from resist image to the wafer was also
discussed. Considered as unconventional, we discussed several aspects linked to thin
film fabrication using nanoimprint and nanosphere lithography techniques.

Keywords: optical lithography, electron beam lithography, nanoimprint lithography,
nanosphere lithography, liftoff

1. Introduction

The continuous trend toward miniaturized and high-performance systems has been leading
research and development in novel materials and devices with superior and new functional-
ities. In this regard, the high sensitivity of modern technologies at submicron scale opens
prospects for realization of thin film functional devices such as capacitors for power compo-
nents [1], sensing devices for biomedical applications [2] and magnetic thin films structures
for data processing technology [3]. These devices were mostly fabricated following top-down
view where deposition techniques were combined with lithography and eventually etching.
In this chapter, we will mainly focus on depicting conventional and un-conventional lithog-
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raphy (see Figure 1) used for fabricating thin film functional devices when combined with
physical vapor deposition (PVD) technique.

Figure 1. Scheme showing different lithography techniques.

The first part of this chapter reports on most known conventional lithography techniques.
These techniques consist of transferring a given pattern to a thin resist by means of local
interaction between the resist and the beam of particles like photons or electrons. Once the
resist is structured, functional devices can be obtained by liftoff technique after PVD deposition
of thin films [4] or by etching [5]. Existing conventional lithography can be divided in two
categories depending on the way of writing (transferring) the pattern: parallel and series
writing methods. For parallel method such as optical lithography with different wavelengths,
transfer to resist is done at once by using a mask containing the pattern. This technique has
the advantage of being fast but limited by the mask fabrication step and diffraction effects. For
series writing (maskless), such as electron beam lithography (EBL) and laser lithography,
pattern is transferred to the resist pixel-by-pixel which makes them more precise but unfortu-
nately slower. In the industry, parallel lithography technique is commonly used for mass
production and serial method is mostly used for mask making. The aim of this first part is to
present the principle of these various fabrication techniques with the focus on pitch resolution
for optical lithography and proximity effects for electron beam lithography (EBL). Pattern
transfer to the wafer using both lithography techniques will also be addressed.

In this second part, we report alternative techniques considered as unconventional lithography.
Among them, we find nanoimprint lithography (NIL). This method is based on the printing
patterns in a polymer with a mold which can be rigid or flexible, and after separation, transfer
the pattern in the substrate. The first results were achieved in 1995 with the thermal NIL and
rigid molds, more commonly known as hot embossing [6]. It permits to carry out high-density
nanostructures on large areas and at low cost. A second method based on UV has been
developed in 1996 at Philips Research Labs, which offers the advantage to work at room
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temperature and low pressure [7]. This technique uses the photon energy to crosslink the resist.
Molds are transparent and can be flexible or rigid. Then, two ways have been developed: soft
UV-NIL and hard UV-NIL. Each has advantages and will be addressed in this chapter with
different steps to implement these techniques. Application examples will be also presented.

Among emerging methods, we find nanosphere lithography (NSL), also called as colloidal
lithography. It is a low-cost simple technique to implement and permits to pattern well-ordered
2D nanoparticle arrays on large surface [8]. Another advantage of the NSL is to be a good
candidate for the fabrication of diameter tunable nanoparticles in a wide range of 20–1000 nm.
We will present the different technical steps to obtain a two-dimensional colloid mask.

2. Optical lithography

Optical lithography consists mainly on a light source illuminating, through an ensemble of
optical lenses and apertures, a mask containing pattern aimed to be transferred to a given
substrate. The mask can be set in the vicinity of the substrate (contact/proximity mode) or at
a certain distance from it (projection mode). The mask is called “binary” in the sense that the
light either passes through metal-free area (1) or being reflected in metal-covered surface of
the mask (0). Pattern transfer is intermediated by a specific resist which covers the substrate.
The interaction between light and resist results in local modification of molecules arrangement
of the resist which can be revealed in a specific solution (development process). Figure 2 depicts
the mask replication in contact/proximity and projection modes. The contact mode is a
configuration where the mask is directly touching the resist, whereas a gap of few microns
separates them in the proximity mode.

Figure 2. Mask replication in contact/proximity mode (a) and projection configuration (b). The condenser collects light
from the source and illuminates the mask pattern. An additional imaging lens is needed to de-magnify the mask pat-
tern (up to ∼1:4).
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The fundamental limit of optical lithography is not determined by the optical system alone
but rather by an overall contribution from the optics, resist and subsequent process steps. As
depicted in Figure 3, there exist in general two kinds of resolution, one which is linked to
feature size and the other to pitch. While the feature size determines the critical dimension that
can be obtained (e.g., size of the transistor), the pitch determines its density on the wafer (e.g.,
number of transistors per wafer).

Figure 3. Example of pattern to be exposed showing a hole diameter as smallest feature and related pitch.

For clarity, we will focus only on projection systems in this paragraph. The pitch resolution (R)
of these systems is usually expressed in terms of source wavelength λ and numerical aperture
(𝀵𝀵𝀵𝀵 = 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵()) as

1
sin

R k
n
l
q

= (1)

where k1 a process-dependent constant with values in 0.5–1 range, n is the refractive index of
the media between the mask and the wafer, and θ is half acceptance angle of the lens (see
Figure 2).

To improve the pitch resolution, it is necessary to decrease (λ, k1) and to enhance the numerical
aperture. Historically, this improvement was driven by decrease in wavelength λ of the source.
From mercury lamps at 365nm–435nm wavelength, to excimer laser sources with Krypton
Fluoride (248 nm), Argon Fluoride (193 nm), and molecular Fluorine (157 nm) [9]. Furthermore,
optical resolution limit has been pushed toward sub-100 nm features using resolution en-
hancement techniques (RET) such as optical proximity correction, high numerical aperture,
and phase-shift masks; 65 nm device geometry (nodes) was indeed achieved using wavelength
as large as 193 nm [10, 11]. While numerical aperture higher than 1 is not possible in conven-
tional air-media imaging, using water between the last imaging lens and the wafer has pushed
down the limit to sub-45 nm [12]. This technique, known as immersion lithography, is a
potential candidate to take over the actual 193 nm technology in the industry. To complete the
picture, extreme UV (EUV) is another immerging technique on which relies the future of next
generation of circuit components to push further resolution down to sub-20 nm [13].
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3. Electron beam lithography

Electron beam lithography has been generally accepted as a valuable tool in research and
technology development because of its high degree of flexibility and its outstanding resolution
capability. There are many versions of electron lithography systems starting from modified
scanning electron microscope (SEM) to mask-writers, shaped-spot systems, and electron-beam
projection machines.

Converted SEM systems are best adapted for research where the throughput is not a critical
issue. They are useful for applications involving small devices such as metallic junctions, few
transistors, lines, dots, and small gratings. The pattern data are transferred to the controlling
computer, which then directs a tiny focused electron beam (ebeam) to desired locations on the
resist by deflecting and turning the beam on and off. The area of an individual chip is selected,
and the beam draws out the features in that area pixel-by-pixel with a predefined dose. The
scan rate is adjusted to deliver a “desired dose” of electrons to a selected area of the resist.

A crucial factor for electron beam lithography in the industry is the throughput performance.
Scaling down features increases pattern density and hence exposure time. Throughput rate
can be increased by projecting large complex patterns at one shot onto a resist-coated wafer.
In this case, electron beam passes through apertures and masks on which shaped geometries
like square or rectangle are fabricated. Electron projection lithography is one of the next-
generation lithography techniques that could be used for printing sub-70 nm structures on a
wafer. Well-known and promising projection systems are scattering with angular limitation
projection electron-beam lithography (SCALPEL) developed at Lucent Technologies [14] and
IBM prototype called projection reduction exposure with variable axis immersion lenses
(PREVAIL) [15].

Figure 4. A schematic illustration of proximity effects where red rectangles represent original exposed area. The beam
energy was 20 keV and the exposing current is 15 pA.

The resolution of ebeam lithography depends strongly on the interaction which occurs between
the electron and the resist/substrate layer. Considerable efforts have been made to understand
the resolution limits in ebeam lithography [16, 17]. The size of the beam is not the limiting factor
because sizes of nearly 2 nm are routinely reached and the diffraction effects are negligible. As
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the primary electrons hit the resist, part of their energy is dissipated in form of secondary
electrons and backscattered electrons. Secondary electrons with energy lying between 2 and
50 eV and of few nanometer range contribute to the major resist exposure. Backscattered
electrons experience instead a wide scattering angle into the resist and the substrate which
dramatically broadens the exposure area [18, 19]. At 20 keV, for example, the range of
backscattered electrons is about 5 µm meaning that patterns of less than that range will
experience cumulative exposure. As a consequence, proximity effects, sample charging, and
placement accuracy are major factors affecting electron beam lithography systems. Figure 4 is
an example showing proximity effects on 200-nm-thick HSQ negative resist on silicon
substrate. As a result, the corners of the big rectangles are not developed to desired size and
also overlap between the small rectangle and the big ones is over exposed.

Fortunately, correction techniques exist to circumvent and attenuate effects of these limiting
factors. This topic will not be completely addressed in this chapter, but we will instead present
few ways used to correct for proximity effects. On way to perform this correction is to change
the initial pattern and assign a proper dose to each element as illustrated in Figure 5.

Figure 5. A schematic illustration of proximity effects correction made by changing the shape of the design and by
assigning a dose to each element.

Figure 6. A schematic illustration showing the extent of exposed regions in thick (left) and thin (right) substrate for two
subsequent point exposures.

From a practical point of view, using thin resist layer and substrates with low atomic mass
helps to decrease proximity effects by lowering the backscattered coefficient. As sketched in
Figure 6, an incident electron beam “forward-scatters” hits the resist. Consequently, strong
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scattering in the thick substrate layer results in broadly distributed “back-scattered” electrons,
which expose a wide region of the resist. This broadening is less pronounced for thin substrate.
As demonstrated in Ref. [20], metallic nanogaps of sub-5 nm opening were successfully
transferred to 100 nm thick using a thin silicon nitride substrate. In Ref. [20], the resist was 100-
nm-thick PMMA exposed with 30 keV beam energy.

4. Pattern transfer

We had so far introduced lithography techniques widely used to expose appropriate resists.
This lithography step is principally devoted to create a resist image and precisely define
appropriate areas (pattern) on the substrate. After resist development, the pattern is transferred
with micrometric or nanometric scale to the substrate after subsequent process steps such as
liftoff or etching (see Figure 7).

Figure 7. Exposed resist pattern transferred to the substrate by liftoff (top) and by etching (bottom).

Two major factors impact dramatically the fidelity of pattern transfer to the wafer, namely resist
profile and overlay. Resist shape, that is, resist profile, requirement is generally dictated by
post-lithography process steps. The profile is governed by exposure dose, the developer, as
well as resist properties such as sensitivity and contrast. Let’s consider the case of liftoff process
which is a widely used technique for fabricating micro- and nanodevices that combines
lithography and thin film deposition. The resist under the deposited film is removed with a
solvent leaving only the film on required locations of the substrate. The main conditions for a
proper liftoff are the formation of an undercut in the resist after development and the perpen-
dicular incidence of the film particle beam onto the substrate (Figure 8a). The undercut ensures
that the evaporated metal, deposited on the patterned resist, is discontinuous, thereby enabling
the working metal liftoff. As illustrated in Figure 8c, a successful lift-off could be obtained with
resist profile having an “undercut” shape. In fact, wings at the edges of structure appear when
the profile is not favorable like in the bowel shape case (Figure 8b, d).
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Figure 8. Scanning electron microscope images of resist profile (a,b) and line metallic structure (c,d). Images (a) and (b)
were obtained using a trilayer of SML/ZEP520A/PMMA electron beam resists. Images (c) and (d) correspond to liftoff
process of 100-nm-thick gold using SML electron beam resist. Raith 150 ebeam system was used to expose resists.

Overlay comes into play when several fabrication levels are needed to fabricate a given
structure. Overlay error determines the precision at which a pattern is placed accurately in
wanted position on the chip. Mostly, placement accuracies of sub-30 nm up to 1 µm are required
to connect micrometric or nanometric scale elements to the pads or between other elements of
the structure. Alignment marks are usually used to achieve such precisions, and the pattern-
placement accuracy increases when the marks are as close as possible to the critical areas.
Alignment system consists generally of a detector, which detects a given mark, and a software
that analyzes and determines the center of the mark relatively to a reference. The accuracy
depends not only on the detector signal but also on the quality of the marks. Depending on
subsequent process requirements, these marks can be made from resist, metal or being etched.
Figure 9 illustrates transferred ellipsoidal on silicon waveguide gold obtained by liftoff of 30-
nm-thick gold. An alignment of <30 nm was required to properly align gold nanostructure on
the waveguide [21].

Figure 9. Scanning electron image of 11 ellipsoidal gold on Si waveguide for guided plasmonic applications.
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5. Unconventional lithography techniques

As we have previously shown, lithography is a key step in the processes of micro and nano-
technologies. The aim is to structure a pattern in a polymer that has been deposited on a
substrate. The polymer is generally an organic or inorganic resist. The structure will allow to
realize other steps such as etching or materials’ deposit. Currently, this technology use
conventional lithography techniques like optical lithography or electron beam lithography
(EBL). Beyond these technologies, other methods are referenced as un-conventional to reduce
the cost of production and permit large series. Among them, we have the nanoimprint
lithography (NIL) (see Figure 1). This technique is based on printing in a polymer by using a
mold which may be rigid or flexible. This method was developed in the 1990s because it
allowed to obtain rapidly large area nanoscale patterns with low costs. The main steps are
printing in the polymer with a mold, demolding, and transferring the pattern into the substrate.
As shown in Figure 10, there are two main techniques of NIL. The first developed method is
more commonly known as hot embossing thermal process. S.Y. Chou published the first results
of this technique in 1995 [6].

Figure 10. Principle of Thermal NIL (a) and UV-NIL (b).

A few years later, a second method called UV-NIL was developed in the Philips Research Labs
[7]. In this case, the photon energy is used to cure the photosensitive resist. This process
requires transparent mold and offers other advantages than thermal NIL. In the following
paragraphs, we will present NIL techniques, mainly thermal and UV-NIL, how to design the
mold, and we will also discuss about a new method called nanosphere lithography (NSL).
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5.1. Thermal NIL

The principle of thermal NIL is to imprint in a thermoplastic polymer with a structured rigid
mold [6]. The mold needs to have an antisticking treatment to avoid lifting printed patterns.
This process uses a polymer heated at a temperature above its glass transition temperature
(Tg) and a pressure between 10 and 200 bars during the imprint [22]. Thus, the mold is removed
after cooling the substrate. Figure 10a shows the main steps of this method which provides
resolution in the nanometer range. However, it has the drawbacks to operate with high
temperatures and high pressures.

Figure 11. (a) Process scheme for Si mold developed by EBL and HSQ resist and (b) SEM image of a silicon mold for
nanogap electrodes (150 nm).

The fundamental step is to design the rigid mold; the materials used are mainly Si, SiO2, or
quartz; and the pattern is realized by an electron beam lithography to achieve high resolution.
Figure 11a shows an example scheme to process Si mold developed for nanogap electrodes
with high-resolution HSQ negative-tone resist. Figure 11b is a SEM image of master mold (Si)
obtained with this process for a gap of 150 nm and usable for thermal NIL. More complete
details of the thermal NIL process are given in Ref. [23].

5.2. UV-NIL

The cross-linking of the resist with UV nanoimprint lithography is obtained by the photon
energy. The mold can be flexible or rigid and necessarily transparent. Figure 10b summarizes
this method used for both soft UV-NIL with a flexible mold and hard UV-NIL with a rigid
mold in quartz. The UV transparent mold is imprint in a low-viscosity UV-curable resist UV
at room temperature and low pressure between 0 and 1 bar [24]. The mold is firstly removed
followed by etching of residual resist layer to permit a transfer of patterns in the substrate by
liftoff technique or etching process.

For hard UV-NIL, the main goal is to design by ebeam lithography, the mold generally made
in quartz. It is necessary to use a metallic or dielectric mask to control form factor of the pattern
during the etch process [25, 26]. Before imprinting in UV-curable resist, a special treatment is
applied to reduce surface energy of the mold. An antisticking is needed to avoid resist tear-off
during “demold” step between mold and substrate [27]. The next step is to etch the residual
layer and transfer in the substrate.

With soft UV-NIL, the flexible mold is generally in poly(dimethylsiloxane) PDMS [28] and
obtained from a Si master mold. PDMS offers good chemical stability and high optical
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transparency [29]. The method to get the master mold is the same as described in the thermal
NIL process. The next step is an antisticking treatment of the master mold, deposits PDMS
mixed with his curing agent on master mold and bakes at 60° during 2 h. A full description of
the process is made in reference [30]. Figure 12 shows an example of dots AFM image in PDMS
stamp and stamp PDMS imprint in a UV-curable resist from AMO for gold nanoparticle
applications. An example of 30-nm-thick gold array for plasmonic application is illustrated in
Figure 12c.

Figure 12. (a) AFM image of dots in PDMS stamp with a periodicity of 500 nm and height of 90 nm, (b) SEM image of
an imprint in UV-curable resist (AMONIL from AMO GMBH) with PDMS flexible stamp obtained from the Si master
mold and (c) 30-nm-thick gold nanoparticles array obtained by UV-NIL for plasmonic applications.

5.3. Nanosphere lithography

Nanosphere lithography (NSL) is a simple technique to implement and inexpensive. It is also
called as colloidal lithography and allows well-ordered nanoparticles in a plane and on large
surface. The structure obtained by NSL based on a self-assembling nanosphere achieves a
colloidal mask in two dimensions (Figure 13). This technique has demonstrated to be well
suited for the fabrication of size-tunable nanoparticles in the 20–1000 nm range [8]. This
method can also be used to obtain silicon mold for NIL application. To file a nanosphere
solution onto the substrate, several methods exist as spin coating, [31] drop coating file [32],
and thermo-electrically cooled angle coating [33]. Nanospheres meet into 2D hexagonal mesh
on the substrate due to capillary forces during the solvent evaporation. After the step of
deposition of self-assembling nanospheres, a thickness material layer is evaporated by electron
beam through the nanosphere mask. Then, nanosphere mask is removed with a solvent.

NSL mask fabrication may depend on the number of layers required to obtain nanostructure
networks [34]. Figure 14 shows an example with a single and a double NSL layers and
nanostructure arrays obtained with theses configurations. When a gold layer is deposited
through a single monolayer by self-assembled nanospheres onto the substrate and NSL mask
is removed, an array of triangular nanoparticles is obtained (Figure 14, left). For a configuration
with two monolayers of nanospheres deposited and assembled, this is obtained by an increas-
ing of the nanosphere concentration. When the second layer is assembled on the first, in order
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to obtain a significant part of a double layer of hexagonally assembled nanospheres, the free
interstices where the material can be deposited on the substrate form an homogeneous pattern
of hexagonal nanoparticles (Figure 14, right).

Figure 13. Principle of nanosphere lithography.

Figure 14. Schematic representation of gold nanostructures obtained with a single (left) and double layer (right).

6. Conclusion

Combined with deposition techniques, conventional lithography and un-conventional
lithography are powerful tools to fabricate thin film functional devices. These tools offer
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tremendous opportunities to enhance not only device performances and reduce effective cost,
but also to discover and explore new functionalities. It provides, in particular, the possibility
to better control of pattern transfer in terms of resolution, density, and resist profile.
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Abstract

Oxide molecular  beam epitaxy has  emerged as  an  effective  technique to  fabricate
complex oxide thin films and novel superlattices with atomic‐level precision. In this
chapter, we first briefly introduce the oxide molecular beam epitaxy technique and then
show how to use this technique to achieve high‐quality thin films with good stoichi‐
ometry. Moreover, we exhibit that the combination of oxide molecular beam epitaxy and
in situ angle‐resolved photoemission spectroscopy is indeed a versatile toolkit to tailor
and characterize properties of novel quantum materials.

Keywords: oxide molecular beam epitaxy (OMBE), correlated materials, angle‐re‐
solved photoemission spectroscopy (ARPES)

1. Introduction

In transition metal oxides, the subtle interplay among charge, orbital, lattice and spin degrees
of  freedom gives rise  to a  spectrum of  fascinating physical  phenomena,  including high‐
temperature superconductivity [1], metal‐insulator transition [2], colossal magnetoresistance
[3], and so on. Remarkably, in thin film interfaces and ultrathin films of correlated oxides,
emergent physics, which does not exist in bulk crystals, occurs [4, 5]. As a well‐known example,
two‐dimensional electron gas with high mobility amazingly emerges at the interface of two‐
band insulators LaAlO3 and SrTiO3 [6]. This emergent electron gas was even found to be
superconducting [7]. Another example is that strong ferroelectricity and ferromagnetism were
found in EuTiO3/DyScO3 superlattices [8]. As Nobel laureate Herbert Kroemer said that ‘the
interface is the device’ [9], these emergent physics may potentially revolutionize our modern
technologies.
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In order to access these thin film‐based physics, the first and most important step is to grow
these oxide thin film structures with high quality. This needs exquisite control of growth, and
usually is very challenging. In the past several decades, fortunately, reactive oxide molecular
beam epitaxy (OMBE) has been proved to be an effective technique in the growth of some
oxides with high quality, though being not easy [10–12]. Recently, the in situ combined system
of OMBE and angle‐resolved photoemission spectroscopy (ARPES) [13–17] have shown great
potential in exploring intricate many‐body physics based on oxide film structures, which
further intensifies the power of OMBE.

In this chapter, we first present basics of OMBE technique. Then, we show how to grow high‐
quality films with good stoichiometry, and the power of the integrated OMBE‐ARPES in
studying and designing many‐body interactions in complex oxides.

2. Basics of OMBE technique

MBE is a vacuum deposition technique in which well‐defined thermal beams of atoms or
molecules react at a crystalline surface to produce an epitaxial film. Originally, it was developed
to fabricate GaAs and (Al, Ga)As films [18], and soon successfully expanded to other semi‐
conductors as well as metals and insulators. In addition to molecular beams coming from
individual heated element source, gas molecular may also be introduced into MBE. Including
gas oxidants (e.g., oxygen or ozone) can make an OMBE, which is now applied to grow oxides
[11, 12].

In 1985, Betts and Pitt began to use this technique to grow LiNbO3 films [19]. Later, motivated
by the discovery of high‐temperature superconductivity, OMBE was used to grow complex
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While conventional MBE growth occurs in an ultra‐high vacuum, in OMBE growth the
induction of active gas oxidants can pose new challenges in the instrumentation as well as the
film growth [11, 17]. The presence of oxidant species requires the hardware to be necessarily
compatible with an oxidizing environment, thus high‐temperature components (e.g., heater
filaments, effusion cells and substrate holders, etc.) need to be made of highly oxidant‐resistive
materials. Moreover, adequate pumping is needed to deal with the oxidant gas load. Further‐
more, oxygen acts as another variable which needs to be optimized in the growth, and oxygen
inside films is tricky to study and manipulate. In addition, the oxidants can oxidize the cell
materials such that one cannot get well‐controlled fluxes as planned during growth. These
challenges make the use of OMBE in the growth of oxides less mature than the use of MBE in
semiconductor growth [11].
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elements with desired fluxes below 2000°C, while electron beam evaporators are adopted for
refractory elements (e.g., tungsten, ruthenium and iridium) which require higher temperature
to provide the fluxes necessary for the growth. The atomic beams impinge upon the substrate
unless they are blocked by shutters which are positioned at the output end of each cell and
remotely controlled by a computer. The utilization of shutters enables the elemental fluxes to
be supplied to in a continuous or a sequential way. The fluxes can be adjusted by changing the
cell temperature, and are in situ measured by a quartz crystal microbalance (QCM). Reflective
high‐energy electron diffraction (RHEED) is used in OMBE for the in situ characterization of
the growing surface. Due to the grazing angle diffraction, it can provide surface‐sensitive
information including thin film crystallinity, roughness, in‐plane lattice constants, growth
mechanism and phase purity. If intermediate products or impurity phases are formed, the
growth conditions would be adjusted accordingly. Distilled ozone was used as the oxidant.
Compared to oxygen, ozone has stronger oxidizing ability and thus needs lower pressure.

Figure 1. Schematic illustration of an OMBE system with an ozone‐generating system. Reproduced with permission
from Ref. [17].

Figure 2 displays the photo of DCA R450 OMBE system in Shanghai Institute of Microsystem
and Information Technology (SIMIT). It is equipped with 10 changeable effusion cells, and one
four‐seat e‐beam evaporator for at most four refractory elements, which can cover all transition
metals of interests. It also has in situ QCM to measure the fluxes and real‐time RHEED to
directly monitor the growth. Ozone was obtained from self‐made ozone‐generating‐and‐
distilling system. Ozone generator would generate a small amount of ozone out of oxygen gas,
then silica gel cooled down with liquid nitrogen would absorb ozone. Warming up the silica
gel would give out the ozone gas to be used in OMBE growth.
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Figure 2. OMBE system in Shanghai Institute of Microsystem and Information Technology (SIMIT), Chinese Academy
of Sciences.

3. Fabricating oxide thin films with good stoichiometry by OMBE

In this section, we show generally how to grow high‐quality oxide thin film with good
stoichiometry by OMBE. Starting with choosing the proper substrate, we mainly talk about
two growth methods commonly used—absorption‐controlled growth and shutter growth—
to achieve high‐quality films.

Epitaxial thin films cannot be obtained without using proper substrates. The substrate not only
guides the growth of thin film with the right crystalline structure but also provides the knob
of strain which can essentially tune the electronic structure of the material [20]. Figure 3
displays lattice constants of single‐crystalline perovskite substrates which are commercially
available and commonly used to grow perovskite or layered perovskite oxide thin films. If
growing LaNiO3 films with a pseudo‐cubic lattice constant of 3.84 Å on LaAlO3 (3.75 Å)
substrates, an in‐plane compressive strain was applied; if using SrTiO3 (3.905 Å) as the
substrate, an in‐plane tensile strain was applied. In addition to the strain, in some cases, the
choice of the substrate is vital to obtain high‐quality films. For example, Proffit et al. reported
that (1 1 0) orthorhombic CaRuO3 films grown on orthorhombic (1 1 0) NdGaO3 substrates
(symmetry matched) exhibit atomically smooth surfaces, whereas films on cubic lanthanum
aluminate‐strontium aluminium tantalate (LSAT) substrates (symmetry mismatched) show
rather rough surfaces [21]. Another example is the film growth of LaNiO3 with polar orienta‐
tions. As polar discontinuity is suggested to induce surface reconstructions which further lead
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to bad quality of films [22, 23], metallic Nb‐doped SrTiO3 and iso‐polarity LaAlO3 substrates
were shown to be more suitable than the common SrTiO3 in the growth of LaNiO3 films [24].

Figure 3. A number line showing the a‐axis lattice constants in angstroms of the perovskite and perovskite‐related sub‐
strates that are commercially available.

As illustrated above, the remotely controlled shutters in OMBE allow elemental fluxes to be
supplied to in a continuous or a sequential way. Take the growth of perovskite ABO3 (can be
viewed as alternate stacking of AO and BO2 layers along the (0 0 1) direction) as an example.
As schematically shown in Figure 4, both shutters of A cell and B cell keeping open in the
whole growth make a co‐deposition growth. If the shutters of A cell and B cell alternately turn
open (finishing the growth of one AO layer, and then starting the growth of one BO2 layer),
we can call this the shutter growth. In either growth, stoichiometry is the most important goal
which needs to be achieved.

Figure 4. Schematics of co‐deposition and shutter growth in OMBE growth.
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A well‐known growth method to achieve stoichiometric films is the adsorption‐controlled
growth, which was previously used to grow GaAs and recently has been used to fabricate
several oxides such as PbTiO3 [25], BiFeO3 [26] and BiMnO3 [27]. It is used in the growth of
some compounds containing volatile species which can re‐evaporate during growth while the
others are less volatile. If always making this volatile species excess during the growth as well
as optimizing the substrate temperature and oxygen partial pressure, stoichiometric growth
can be conveniently achieved. Lee et al. reported the adsorption‐controlled growth of BiM‐
nO3 in which the bismuth oxides are volatile [27]. Figure 5 displays the calculated Ellingham
diagram and obtained RHEED patterns [27]. The Bi:Mn flux ratio was fixed to be 3:1. Besides,
the substrate temperature and oxygen partial pressure were fully explored to finally expose
the growth window (see shadow region II in Figure 5) for phase‐pure stoichiometric BiMnO3

films which were verified by the shiny diffraction spots in the RHEED pattern.

Figure 5. Calculated Ellingham diagram and RHEED patterns collected along the [1 1 0] azimuth of SrTiO3 during the
deposition of BiMnO3 at different temperatures and oxygen partial pressures. Phase stability between BixOy gases and
BiMnO3 + Mn3O4, BiMnO3 and BiMnO3 + Bi2O2.5 condensed phases is represented by regions I, II and III, respectively.
Reproduced with permission from Ref. [27].

For most oxides, adsorption‐controlled growth unfortunately cannot be applied. To achieve
good stoichiometry, generally, one has to adjust the deposition amount based on cycles of
combined studies of QCM, RHEED patterns and oscillations, X‐ray diffraction (XRD) pattern
fitting, Rutherford backscattering spectroscopy, and so on. In the homo‐epitaxial growth of
SrTiO3, Schlom's group reported the empirical method of optimizing shuttered RHEED oscil‐
lations to successfully achieve stoichiometric SrTiO3 film within 1% composition deviation
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[28, 29]. In the shutter growth of SrTiO3, the intensity of diffraction spot would exhibit periodic
oscillations at the pace of mechanically closing/opening shutters: in Ti doses, the intensity will
decrease monotonically while in Sr doses the intensity will increase. It was shown that if oscil‐
lations exhibited smooth sinoidal shape with similar amplitude (Figure 6(a)), the resulted film
was investigated to be stoichiometric [29]. If Sr is 10% excess, the combined feature of cusp
and shoulder would show up (Figure 6(b)); if Sr is 10% deficient, the amplitude of individual
oscillations would oscillate (Figure 6(c)). Thus, in growth, the real‐time performance of
RHEED oscillations would infer what to do next to achieve the stoichiometry [29].

Figure 6. Shuttered RHEED oscillation behaviour of Sr1 + xTiO3 + δ films with stoichiometric (x = 0) (a), 10% strontium
excess (x = 0.1) (b) and 10% strontium deficiency (x = ‐0.1) (c). Reproduced with permission from Ref. [29].

Compared to adsorption‐controlled growth, shutter growth is a more straightforward way to
control the film thickness and grow complex oxide structures such as Ruddlesden‐Popper (RP)
series An+1BnO3n+1 and various superlattices which display a wide range of physics. By conven‐
iently changing the shuttering sequence of A and B ions to match the layering sequence of the
desired RP phase, Haeni et al. and Tian et al. reported the OMBE growth of five RP members
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of Srn+1TinO3n+1 [30] and Srn+1RunO3n+1 [31], respectively. Their structures with right‐layering
sequences were verified by high‐resolution cross‐sectional TEM measurements (Figure 7).

Figure 7. High‐resolution cross‐sectional TEM images of the same five members of the (a) Srn + 1TinO3n + 1 and (b) Srn
+ 1RunO3n + 1 Ruddlesden‐Popper homologous series grown by OMBE. Reproduced with permission from Refs. [30] and
[31].

4. The unique in situ combo of OMBE and ARPES

ARPES can directly visualize electronic band structures of solids, and therefore has emerged
as an essential experimental technique to study various novel quantum materials such as
superconductors and topological quantum materials [13, 14, 32]. It can be viewed as the ‘k‐
space’ microscope, and can provide the essential information about how electrons move inside
the material. Based on the well‐known photoelectric effect, an electron inside the solid can
absorb an incident photon with a high enough energy and then emit out of the solid. If the
kinetic and momentum of the photoelectrons are detected, the band structure of the material
(as a function of binding energy and momentum) can be reconstructed in the context of
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conversation laws and some reasonable assumptions, as shown in Figure 8. Generally being
a surface‐sensitive probe, ARPES demands clean and well‐ordered sample surface, which is
usually obtained by cleaving single crystals.

Figure 8. Schematic of ARPES measurement and the obtained band structure. Photoelectrons are emitted when shining
the sample with light whose energy is larger than the sample work function. By using an electron analyser to pick up
these electrons, we could obtain their energy and momentum information.

Recently, there has been increasing awareness that the in situ combo of OMBE and ARPES
(ARPES is in situ connected to OMBE) could be a powerful approach in tailoring many‐body
interactions and uncovering the underlying physics of complex oxides. It is a win‐win case:
OMBE can provide high‐quality thin films (especially those who cannot be cleaved properly
in bulk form, e.g., perovskite oxides) and interesting superlattices, whose clean surfaces
‘naturally’ allow for the in situ ARPES studies; in return, ARPES can characterize the quality
of these films which further give feedbacks to the growth, and moreover it can fully explore
the band structures of films and study their intriguing physics [15–17, 33, 34].

Figure 9 shows the photo of such an in situ combo system located in Shanghai Institute of
Microsystem and Information Technology (SIMIT), Chinese Academy of Sciences. A transfer
chamber with high vacuum (∼10 × 10‐10 Torr) is used to bridge the OMBE system and ARPES

Figure 9. A photo of the in situ combo of OMBE and ARPES system in Shanghai Institute of Microsystem and Informa‐
tion Technology (SIMIT), Chinese Academy of Sciences.
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system. Once the growth was finished, the film was immediately transferred to the ARPES
chamber within 5 min through the transfer chamber. In so doing, the clean sample surface is
expected to be preserved for ARPES studies.

Below, we first present studies on ultrathin perovskite LaNiO3 films (3d system) [16], SrRuO3

films (4d system) [35] and SrIrO3 films (5d system) [36] of which the bulk form lacks natural
cleaving planes, as examples to show the power of this in situ combo in studying the many‐
body interactions of complex oxides. Generally, when going from 3d to 5d elements, Coulomb
interactions among electrons would increase as electrons are more and more delocalized, while
the spin‐orbital coupling (SOC) would become stronger due to the heavier elements. Then, we
show the studies on (LaMnO3)2n/(SrMnO3)n superlattices [17].

Figure 10. Metal‐insulator transition in ultra‐thin LaNiO3 films. (a) The evolution of the electronic structure across the
metal‐insulator transition with decreasing the LaNiO3 film thickness. (b) Schematic of 8‐UC‐thick LaNiO3 film on LaA‐
lO3 substrate. (c) Angle‐integrated photoemission spectroscopy along (0.5π/a, 0.7π/a) of films varying from 8‐UC‐thick
to 1‐UC‐thick. The inset shows the near‐EF angle‐integrated spectra. (d) X‐ray diffraction and atomic force microscopy
results. (e) Schematic of 1‐UC‐thick LaNiO3 film on LaAlO3. Reproduced with permission from Ref. [16].

Bulk LaNiO3, though being strongly correlated with 3d7 configuration of Ni3+, remains a
paramagnetic metal at low temperatures. By means of OMBE, King et al. synthesized atomi‐
cally defined layers of LaNiO3 films down to just one unit cell (UC) thickness, and observed
an abrupt metal‐insulator transition in 2‐UC‐thick film by transport studies [16]. The high
quality of the films with atomically flat surfaces was revealed by the Kiessig fringes in XRD
patterns and atomic force microscope image (Figure 10(d)). Then, in situ ARPES studies were
carried out to investigate the competing electronic phases while crossing the transition, as
shown in Figure 10(a) and (c). The bulk‐like electronic structure and Fermi liquid character‐
istics were found to remain almost unaffected by film thickness down to 3 UC (all exhibiting
similar electron pocket), which is in contrast to the previous reports that an insulating state
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emerged in 5‐UC thickness or above and again reflects the high quality of the films. This makes
3‐UC‐thick LNO the thinnest metallic nickelate reported. Reducing the thickness by just one
further UC (2 UC), however, causes the spectral weight near EF to be suddenly suppressed.
For 1‐UC‐thick LaNiO3 film, no spectral weight was observed at EF, indicative of a full‐charge
gap. This evolution was also observed in angle‐integrated photoemission spectra. The authors
claimed that the metal‐insulator transition is driven by instability to an incipient order of the
underlying quantum many‐body interactions, and demonstrated the power of artificial
confinement to harness control over competing phases in complex oxides with atomic‐scale
precision [16].

Figure 11. Electron‐phonon coupling origin of the kink in the dispersion of SrRuO3. (a) The evolution of the electronic
structure of SrRuO3 film with reducing the thickness. The kink persists in all films down to 4‐UC thick. (b) and (c) Real
part and imaginary part analyses of self‐energies. All kinks occur at around 62 meV below EF. (d) Electron‐phonon
coupling origin of the kink in SrRuO3 films. Left axis: measured negligible thickness dependence of the kink energy.
Right axis: reported thickness dependence of the Curie temperature. The black rectangular marker displays the energy
scale of in‐phase‐stretching phonon mode proposed by the combined studies of Raman spectroscopy and calculation.
Reproduced with permission from Ref. [35].

Perovskite SrRuO3, a prototypical conductive ferromagnetic oxide, exhibits a kink in its band
dispersion signalling the unusual electron dynamics therein [34]. The kink could originate
from electron‐magnon coupling or electron‐phonon coupling. Uncovering the origin of this
kink would hint on the studies of kinks’ origins in many other intriguing systems [37–39]
including the cuprate superconductor family [40]. Yang et al. reported the systematic thickness‐
dependent electronic structure studies on SrRuO3 films with well‐controlled thicknesses by
using the OMBE and ARPES system [35]. Figure 11(a) shows the evolution of band dispersions
of SrRuO3 films with reducing the film thickness. Evidently, in all these spectra, the slope of
the dispersion near EF is markedly smaller than that of high‐binding‐energy region, namely
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the kink persists even down to 4‐UC‐thick film. Empirical self energy analyses were carried
out to determine the kink energy. As shown in Figure 11(b) and (c), both real part and
imaginary part analyses reveal that all films’ kinks are around 62 meV below EF. This is in
sharp contrast to the report that reducing the thickness would decrease the Curie temperature
[41], which implies that electron‐magnon should not play a dominant role. On the other hand,
the kink energy matches that of in‐phase‐stretching phonon mode proposed by the combined
studies of Raman spectroscopy and calculation [42]. Thus, electron‐phonon coupling should
mainly contribute to this kink. This work can serve as an example to study the low‐energy
excitations of complex oxides.

Perovskite SrIrO3, due to the heavy element of Ir, is expected to have strong SOC which is the
key ingredient in building topological quantum materials [43, 44]. Therefore, novel topological
phases were proposed in artificial SrIrO3‐based structures [45]. In particular, SrIrO3 was
proposed to be an exotic semimetal induced by the delicate interplay between SOC and
electron correlations, in which a Dirac nodal ring near the U point would render a non‐trivial
topological semi‐metallic state [46, 47]. Based on the OMBE‐ARPES combo, Liu et al. synthe‐
sized high‐quality SrIrO3 films, and investigated its low‐lying electronic structure [36].
Figure 12 displays the measured band structure of SrIrO3. In addition to the semimetal state
(the Fermi level simultaneously crosses the hole and electron pockets), near the U point, a lifted
Dirac node was directly observed, which agrees well with the authors’ calculations. This Dirac
node lifting could be due to the selectively breaking of n‐glide symmetry in the hetero‐epitaxial
SrIrO3 structure [36]. Iridates would continue acting as the profound platform to explore novel
physics that may combine the SOC and electron correlations.

Figure 12. Dirac line node degeneracy lifting around the U point of SrIO3. (a) and (b) The second derivative images
along Z‐U and U‐R high‐symmetry directions, respectively. (c) and (d) The corresponding energy‐distribution curves
for the photoemission data in (a, b). (e) and (f) The calculated band dispersions along Z‐U and U‐R high‐symmetry
directions, respectively. Reproduced with permission from Ref. [36].
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studies of Raman spectroscopy and calculation [42]. Thus, electron‐phonon coupling should
mainly contribute to this kink. This work can serve as an example to study the low‐energy
excitations of complex oxides.

Perovskite SrIrO3, due to the heavy element of Ir, is expected to have strong SOC which is the
key ingredient in building topological quantum materials [43, 44]. Therefore, novel topological
phases were proposed in artificial SrIrO3‐based structures [45]. In particular, SrIrO3 was
proposed to be an exotic semimetal induced by the delicate interplay between SOC and
electron correlations, in which a Dirac nodal ring near the U point would render a non‐trivial
topological semi‐metallic state [46, 47]. Based on the OMBE‐ARPES combo, Liu et al. synthe‐
sized high‐quality SrIrO3 films, and investigated its low‐lying electronic structure [36].
Figure 12 displays the measured band structure of SrIrO3. In addition to the semimetal state
(the Fermi level simultaneously crosses the hole and electron pockets), near the U point, a lifted
Dirac node was directly observed, which agrees well with the authors’ calculations. This Dirac
node lifting could be due to the selectively breaking of n‐glide symmetry in the hetero‐epitaxial
SrIrO3 structure [36]. Iridates would continue acting as the profound platform to explore novel
physics that may combine the SOC and electron correlations.

Figure 12. Dirac line node degeneracy lifting around the U point of SrIO3. (a) and (b) The second derivative images
along Z‐U and U‐R high‐symmetry directions, respectively. (c) and (d) The corresponding energy‐distribution curves
for the photoemission data in (a, b). (e) and (f) The calculated band dispersions along Z‐U and U‐R high‐symmetry
directions, respectively. Reproduced with permission from Ref. [36].

Modern Technologies for Creating the Thin-film Systems and Coatings70

With the powerful capability of the OMBE‐ARPES combo, one can fabricate artificial superlat‐
tices which do not exist in nature and study their intriguing emergent physics. Monkman et al.
reported the comprehensive investigations on the interfacial electronic structure of (LaM‐
nO3)2n/(SrMnO3)n superlattices as a function of dimensionality [17]. Bulk LaMnO3 and SrMnO3

are anti‐ferromagnetic Mott and band insulators, respectively, and La2/3Sr1/3MnO3 is a ferro‐
magnetic metal that exhibits colossal magnetoresistance around its Curie temperature of 370
K. Monkman et al. synthesized high‐quality (LaMnO3)2n/(SrMnO3)n superlattices with n = 1–3.
Transport studies show that n = 1 and n = 2 members show metallic behaviours at low temper‐
atures, while the n = 3 member exhibits a metal‐insulator crossover. Figure 13 illustrates the
evolution of the electronic structure and properties of superlattices upon different n. For n = 1
and 2 members, the Fermi surfaces are apparent and consist of two Mn eg‐derived states: a hole
pocket around the Brillouin zone corner, and a smaller electron pocket around the zone centre.
For the insulating n = 3 member, the spectral weight at EF is highly suppressed, although clear
states are still observed below EF. The authors also investigated the near‐EF band dispersions.
The n = 1 and 2 members exhibit well‐defined and dispersive bands, whereas the n = 3 sample
shows only pseudo‐gapped intensity at EF which is similar to polaronic systems with strong
electron‐phonon coupling. For the critical n = 2, there exists a dramatic difference in electronic
states compared to that of n = 1. The states near EF are substantially suppressed, and a broad
incoherent feature appears below EF, indicating the enhanced correlations. This work pro‐
vides unique insight into how many‐body interactions could be engineered at correlated ox‐
ide interfaces, which is an important prerequisite to exploiting such effects in novel electronics
[17].

Figure 13. (a)–(c) High‐angle annular dark‐field scanning transmission electron micrograph (i), Fermi surface (ii) and
band dispersion (iii) of (LaMnO3)2n/(SrMnO3)n superlattices with n = 1–3, respectively. Reproduced with permission
from Ref. [17].
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These examples reflect the powerful capability of the integrated OMBE‐ARPES system in
studying many‐body interactions and resulted novel physics in complex oxides.

5. Conclusion and outlook

In this chapter, we presented the brief inductions to OMBE technique, growth methods and
the in situ combo integrating oxide MBE and APRES. We demonstrate that OMBE and the in
situ combo formed with ARPES will continue playing a role in unveiling the intriguing many‐
body physics of correlated oxide thin films and superlattices as well as exploring novel
topological materials in oxide structures.
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Abstract

The Rashba effect is a momentum‐dependent splitting of spin bands in two‐dimen‐
sional systems such as surface, interface and heterostructure. The effect is caused by 
broken space‐inversion symmetry and spin‐orbit coupling and allows to manipulate 
and generate the spin by the electric fields, that is, without the magnetic field. It means 
that the devices applied to the Rashba effect have many advantages. Bismuth is known 
as a promising candidate to investigate the surface Rashba effect, and the spin struc‐
ture of Bi surface has also been intensively discussed. However, it is unclear to what 
extent the so far believed simple vortical spin structure is adequate. To understand the 
surface properties of the Rashba system is particularly important when utilizing the 
Rashba effect to the spintronic devices, since it is desirable to control the spin polariza‐
tion when developing new types of devices. In this chapter, we report that the surface 
spin states of the Bi thin film exhibit unusual characteristics unlike the conventional 
Rashba splitting by using a spin‐ and angle‐resolved photoemission spectroscopy 
measurement.

Keywords: Rashba effect, spin‐resolved ARPES, thin film, bismuth

1. Introduction

As we know and use, spintronic devices to use a spin‐polarized electrons have actualized. 
The magnetic storage technology uses giant magneto‐resistance [1]. A more advanced 
approach is to control spin‐polarized electrons without the aid of a ferromagnetism nor 
to apply the magnetic field [2]. Spin‐orbit coupling (SOC) makes it possible to generate 
and manipulate spin‐polarized electrons only by the electric field, since the electric field 
acts on a moving charge carrier as an effective magnetic field. Thus, it is regarded as an 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



essential ingredient for further development of next‐generation spintronic devices such as 
the spin‐field‐effect transistor [3]. In nonmagnetic solids, the electronic states with oppo‐
site spin have the same energy (Kramers degeneracy) because of the time‐reversal and 
the space‐inversion symmetries (TRS and SIS). In the strong SOC environment with the 
broken space‐inversion symmetry (typically at the surface or interface), the energy band 
splits in the momentum (k) space (Rashba effect [4]), leading to a spin helical structure 
of surface bands. This Rashba effect leads to the vortical spin structure of surface bands 
where the spin vector points parallel to the surface and perpendicular to the measured 
momentum. To be more specific, here we postulate the model of two‐dimensional free 
electron gas at the surface. In the surface, as shown in Figure 1a, there is asymmetry 
of the potential in the direction perpendicular to the two‐dimensional plane [∇V = (0, 0, 
Ez)]. When an electron moves with momentum (p), the ∇V × p term acts as an effective 
magnetic field Beff, which is orthogonal to p (=ħk) and ∇V. As a result, the electron spin is 
quantized along the direction perpendicular to k in the surface plane. The energy of free 
electron gives the following,

  E  (  k )    =    ħ   2  ___ 2m    k   2  ±  α  R   k  (1)

which is well known as the Rashba effect, where αR is a so‐called Rashba parameter. Figure 1b 
shows the band dispersion of this model. As described above, two‐dimensional (2D) system 
with strong SOC has provided a useful platform for realizing novel quantum phenomena 

Figure 1. (a) Relationship between momentum (p) and surface potential (∇V) at surface. (b) Rashba‐type spin‐splitting 
band structure in 2D free electron gas model. (c) A band structure breaking the time‐reversal symmetry by applying 
a magnetic field.
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applicable to advanced spintronic devices [2, 5, 6]. To discuss and understand Rashba effect, 
spin‐ and angle‐resolved photoemission spectroscopy (spin‐resolved ARPES) is a powerful 
experimental technique, which can simultaneously determine all key quantum parameters 
of electrons in solids, that is, momentum, energy and spin. Furthermore, by high‐resolution 
measurements, we will be able to discuss the spin‐related physical phenomena not only quali‐
tatively but also quantitatively, which would certainly lead to the deeper understanding of 
the condensed matter physics. Elucidation of the electron spin is very important to under‐
stand physical property in solid state and its surface as well as the possible applications to 
spintronic devices.

The first observation of the surface Rashba effect by ARPES is the Au(1 1 1) surface [7]. After 
that, various materials such as group‐V semimetals and their alloy surfaces [8–16], as well 
as heavy‐atom adsorbed semiconductor surfaces [17–22] and so on, are studied. Among 
them, the group‐V semimetal bismuth (Bi) is a prime candidate to investigate the surface 
Rashba effect and many experiments and theoretical calculations studied in order to clarify 
the fundamental properties of the Rashba effect [8, 10–14]. However, in previous researches, 
although the band structure and Fermi surfaces of Bi distinctly show strong anisotropy, the 
spin structure of Bi was argued by assuming an isotropic two‐circular Fermi‐surface model 
like Au(1 1 1) [7, 20–22]. The reason is because the energy and momentum resolutions of 
the previous spin‐resolved ARPES machine are insufficient. To understand whole aspect 
of the Rashba effect, it is necessary to clarify that the spin structure of Bi consists with the 
conventional Rashba model or not. Moreover, in the film, electronic states originating from 
the bulk Bi are quantized, and they are connected to the surface bands continuously. So it 
would be necessary to take into account the relationship between bulk and surface states. 
On the other hand, intensive attempts have been made to extend the investigations on 2D 
Rashba systems to quasi one‐dimensional (1D) system like artificially grown nanowires and 
quantum wires, because of the merits in downsizing of devices.1D Rashba effect in utiliza‐
tion of vicinal surfaces such as in Au chains on vicinal Si [23] and the vicinal Bi surface is 
also reported [24]. In such a case, breaking the TRS by applying magnetic field or adding 
magnetic impurities would create an energy gap at the Kramers point, and when the chemi‐
cal potential is tuned to be located in the spin‐orbit gap, the dissipation‐less spin transport 
and the quantized conductance [25, 26] may be realized (Figure 1c). However, the Rashba 
effect in edge state is not known because the signal from the edge is extremely faint. To 
understand the proposed novel properties of a true 1D system, we may be able to apply 
them to advanced spintronic devices.

In this chapter, we introduce the electronic structure of Bi thin film to elucidate the details 
of the Rashba effect by utilizing the high‐resolution spin‐resolved ARPES spectrometer 
equipped with a highly efficient mini‐Mott detector. We show three novel Rashba effects 
of Bi thin film: (i) anisotropic Rashba effect from momentum‐dependent measurement [27], 
(ii) the interface Rashba effect between metal‐semiconductor from thickness‐dependent [28] 
and (iii) 1D Rashba effect of edge state [29]. The present finding provides a useful platform to 
study the Rashba effect and at the same time opens a pathway to utilize the novel properties 
to advanced spintronic devices.
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2. Experimental technique and sample fabrication

2.1. Spin‐ and angle‐resolved photoemission spectromete

Figure 2 shows a schematic diagram of the ultra‐high‐resolution spin‐resolved ARPES spec‐
trometer with a highly efficient mini‐Mott detector [30]. This spectrometer consists of mainly 
four parts: (i) a photoemission measurement system including a hemispherical electron 
energy analyzer and an ultra‐high‐vacuum measurement chamber, (ii) a spin‐detection sys‐
tem based on a mini‐Mott detector, (iii) an intense xenon/helium plasma discharge lamp and 
(iv) a surface chamber to prepare the thin‐film samples. We explain the detail of each part. 
We have improved a MBS‐A1 electron energy analyzer to achieve both spin‐resolved and 
regular (non‐spin‐resolved) ARPES measurement. The spectrometer has two detectors: one is 
a multichannel plate for ARPES measurement, and the other is mini‐Mott detector for spin‐
resolved ARPES. To determine the three‐dimensional spin polarization, an electron deflector 
has been placed between the analyzer and the Mott detector. The Mott detector observes the 
spin polarization of essentially two independent axes by using four channeltrons, enabling 
us to determine the in‐plane and out‐of‐plane spin component. The scattering efficiency of 
the Mott detector is as high as 2.3 × 10‐2. The optical system consists of helium (He) and xenon 
(Xe) plasma discharge lamps and a monochromator with the gratings, in which we can select 

Figure 2. Schematic view of high‐resolution spin‐resolved photoemission spectrometer.
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photon energy if necessary. In this study, we used one of the Xe I lines (hν = 8.437 eV) to 
excite photoelectrons. In order to fabricate high‐quality samples, a surface chamber has been 
constructed and is connected to the spin‐resolved ARPRS spectrometer. The spectrometer 
achieves the energy resolutions of 0.9 and 8 meV for non–spin‐resolved and spin‐resolved 
modes, respectively. Figure 3 shows a schematic view of the surface chamber. A surface 
chamber contains heating systems for a semiconductor sample, a few kinds of dispensers, a 
quartz crystal microbalance and a low‐energy electron diffraction (LEED) system for checking 
the quality of the sample surface. The vacuum of the surface chamber is basically kept 1 × 10‐10 
Torr to prepare a high‐quality sample surface. It allows the in situ preparation of the sample 
and its transfer to the spin‐resolved spectrometer. It is particularly useful for elucidating the 
electronic states of the samples containing a clean well‐ordered surfaces required for the accu‐
rate ARPES measurements. Thus, we can prepare the Bi thin‐film samples by the evaporation 
of Bi on semiconducting substrate. We expect that the performance of the spectrometer is 
demonstrated by the observation of a clear Rashba splitting of the surface states in Bi. The 
energy and momentum resolutions for the regular (spin‐integrated) ARPES were 5–20 meV 
and 0.3°, and for spin‐resolved ARPES measurements were 40 meV and 3°, respectively. The 
Sherman function value was set at 0.07. The measurement temperature was 300 and 30 K.

Figure 3. Schematic view of the sample preparation chamber.
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2.2. Sample fabrication

To get a high‐quality Bi(1 1 1) thin film, we prepare a clean surface of the Si(1 1 1) substrate. We 
use a commercially available Si wafer (n‐type, As‐doped: 0.001–0.005 Ω cm, Sb‐doped: 0.01–
0.02 Ω cm), and the surface of Si forms native SiO2 in the air. So we must remove it by electrical 
heating in high vacuum. Figure 4 displays the design of a holder for the electrical heating system 
(Figure 4). The holder is made of molybdenum, and a main holder is insulated from a subholder 
by the alumina. We can control a current and temperature with 5 mA and 1°C, respectively. The 
sample size is 13 × 3 mm, and we have selected four different kinds of crystal orientations on the 
basis of orientation flat as shown in Figure 5. The sample geometry has been confirmed by the 
brightness symmetry of the LEED spots. The most stable structure of the Si(1 1 1) surface is the 
7 × 7 reconstructed surface, as shown in Figure 6a [31, 32]. Now, we describe the method to pre‐

Figure 4. (a) A main and subparts of sample holder. (b) A constructed holder.

Figure 5. Cutting the sample from the Si(1 1 1) wafer. Inset shows the picture of a sample holder compared to the sample 
size. The geometry of the sample was determined by the direction of “orientation flat.”

Modern Technologies for Creating the Thin-film Systems and Coatings82



2.2. Sample fabrication

To get a high‐quality Bi(1 1 1) thin film, we prepare a clean surface of the Si(1 1 1) substrate. We 
use a commercially available Si wafer (n‐type, As‐doped: 0.001–0.005 Ω cm, Sb‐doped: 0.01–
0.02 Ω cm), and the surface of Si forms native SiO2 in the air. So we must remove it by electrical 
heating in high vacuum. Figure 4 displays the design of a holder for the electrical heating system 
(Figure 4). The holder is made of molybdenum, and a main holder is insulated from a subholder 
by the alumina. We can control a current and temperature with 5 mA and 1°C, respectively. The 
sample size is 13 × 3 mm, and we have selected four different kinds of crystal orientations on the 
basis of orientation flat as shown in Figure 5. The sample geometry has been confirmed by the 
brightness symmetry of the LEED spots. The most stable structure of the Si(1 1 1) surface is the 
7 × 7 reconstructed surface, as shown in Figure 6a [31, 32]. Now, we describe the method to pre‐

Figure 4. (a) A main and subparts of sample holder. (b) A constructed holder.

Figure 5. Cutting the sample from the Si(1 1 1) wafer. Inset shows the picture of a sample holder compared to the sample 
size. The geometry of the sample was determined by the direction of “orientation flat.”

Modern Technologies for Creating the Thin-film Systems and Coatings82

Figure 6. (a) Atomic‐structure model (Das model) of Si(1 1 1)‐7 × 7. (b) Detailed annealing process to prepare the 
Si(1 1 1)‐7 × 7 clean surface.
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pare a Si(1 1 1)‐7 × 7 reconstructed surface. First, the Si wafers were outgassed for more than 12 h 
below 750°C. After the outgassing enough, we have carried out flash annealing. Figure 6b shows 
a flash‐annealing process to get a Si(1 11)‐7 × 7 reconstructed surface; sample was (i) heated at 
750°C to 1050–1200°C for a few seconds, (ii) keep temperature to maximum for 5 s, (iii) cooled 
down to 850°C for a few seconds and (iv) cooled to 750°C in 30 s [33]. We have repeated this cycle, 
and all of the above processes should be performed under the ultra‐high vacuum of ~1 × 10‐10  
Torr. As shown in Figure 7a, we have obtained the LEED pattern of the well‐ordered 7 × 7 
surface.

Next, Bi atoms are evaporated on Si substrate, which is called as a molecular beam epi‐
taxy (MBE). Bi atoms are deposited at room temperature on Si(1 1 1)‐7 × 7 reconstructed 
surface. Then, the Bi thin film was annealed at 150°C. The deposition rate is estimated by 
the quartz oscillator thickness monitor, and the film thickness was controlled by varying 
the deposition time with keeping the constant deposition rate. We can also estimate the 
film thickness from the energy position of the quantum well states (QWSs) in the ARPES 
spectra [28]. It is noted that 1 bilayer (BL) Bi is defined as 1.14 × 1015 atoms/cm2, and the 
thickness is 0.39 nm [13]. In this study, we prepared several thickness sample (8–40 BL). 
After the deposition of Bi atoms, the LEED pattern shows the 1 × 1 surface structure as 
shown in Figure 7b and c, and the intensity of the LEED spot has threefold symmetry. 
When the sample has a multi‐domain structure, the LEED pattern shows circular features 
surrounding the 1 × 1 spots (Figure 7d). We could repeatedly use one Si substrate by a flash‐
ing. Here we describe a structure of Bi thin film on Si substrate. Details of the thin‐film 
growth process are shown in Figure 8a, which is reported in previous works such as STM 
and LEED [34]. Although the lattice constant of Bi (4.538 Å) is very different from Si (5.43 Å), 
it is possible to fabricate the Bi/Si thin film due to the existence of disordered layer called 
“wetting layer” between Bi and Si substrate. As shown in Figure 8b, the structural transi‐
tion from {0 1 2} direction to (1 1 1) direction more than 8.4 ML suddenly takes place upon 
Bi deposition.

Figure 7. Comparison of the LEED pattern. (a) Si(1 1 1)‐7 × 7. (b) and (c) Bi(1 1 1)‐1 × 1. These two samples have a different 
cutting directions from Si wafer [sample direction in (c) is rotated in 180° from (b)]. (d) A multiple‐domain sample of 
Bi(1 1 1)‐1 × 1.
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Figure 8. (a) Thickness dependence of spot‐profile‐analyzing‐LEED pattern (top) and STM image (bottom) [34]. (b) 
Schematic illustration of the transformed structure in growth process of Bi thin film [34].

Anomalous Rashba Effect of Bi Thin Film Studied by Spin-Resolved ARPES
http://dx.doi.org/10.5772/66278

85



3. Results and discussion

3.1. Anisotropic Rashba effect of Bi thin film

At first, we have performed normal (non–spin‐resolved) ARPES measurement of the Bi thin 
film in order to check the sample quality and geometry, since even a subtle misalignment of 
the sample orientation would cause a significant error in determining the spin polarization. 
Figure 9a and b shows the band dispersion along the   Γ ¯       ̄  M   line and Fermi surface of Bi/Si(1 1 1). 
Areas with hatched lines in Figure 9a are bulk band projection. We distinctly see that several 
bands cross EF and three kinds Fermi surfaces exist; a hexagonal Fermi surface centered at the   Γ ¯    
point (S1), surrounding elongated pockets (S2) and the ellipsoidal pocket (S3) near the    ̄  M   point. 
Judged from the band dispersion in Figure 9a, the S1 and S3 are attributed to the electron pock‐
ets, while the S2 to a hole pocket, all of which arise from the spin‐split surface states [8, 10–14].

This section focuses on the spin structure of the S2 band. In a conventional 2D Rashba model, 
the in‐plane spin has a vortical structure and isotropic magnitude as denoted by black arrows 
in Figure 10a. In Figure 10b and e, we display the near‐EF spin‐resolved energy distribution 
curves (EDCs) for the in‐plane (y/x) and out‐of‐plane (z) spin components measured in  various 
k regions, A–J as shown in Figure 10a. As displayed in Figure 10b and e, the spin‐resolved 

Figure 9. (a) Band dispersion of the ARPES spectra of Bi/Si(1 1 1) along the   Γ ¯      ̄  M   line at T = 30 K. Shaded areas indicate the 
bulk band projection. (b) 2D ARPES intensity plot at EF as a function of kx and ky around the   Γ ¯       ̄  M   line.
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Figure 10. (a) Fermi surface of Bi/Si(1 1 1) around the   Γ ¯    point. Red lines are guides for the Fermi surface of the surface 
bands. Lines A–N represent the k region where the spin‐resolved EDCs in (b) and (e) were obtained. Expected spin 
configuration from the normal Rashba spin‐obit coupling is indicated by black arrows. Spin‐resolved EDCs in regions 
(b) A–D, (c) E–H, (d) I, J and (e) K–N, respectively.
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EDC mainly consists of two components: a slope‐like feature, which rapidly increases its 
intensity at the binding energy (EB) higher than 0.15 eV corresponding to the tail of the QWS, 
and a weaker broad feature at EF‐0.1 eV assigned as the S2 band.

First, we take a closer look at the spin polarization in regions A–D. In regions A and B, as seen 
in Figure 10b, the in‐plane spin polarization of the S2 band is dominated by the up spin. On 
the other hand, the down spin is barely superior in regions C and D. It means that the in‐plane 
spin structure is qualitatively consistent with the Rashba picture [13–14]. However, it seems 
that the spin polarization is markedly suppressed in C and D. In fact, the magnitude of the 
spin polarization along the y direction |Py| is 0.5–0.7 in regions A and B, while it is 0.2–0.3 
in regions C and D. This is unexpected since |Py| should keep the same value across the   Γ ¯    
point in the normal Rashba picture. Then, we focus on the out‐of‐plane (z) spin component. 
We immediately notice that there exists a sizable up‐spin polarization, while theoretically 
predicted out‐of‐plane spin polarization for simple isotropic Rashba system is zero. More sur‐
prisingly, the magnitude of the z‐axis spin polarization |Pz| (0.4–0.7) is as large as that of |Py|.

We have also observed a finite in‐plane and out‐of‐plane spin polarization in regions E–H. 
As shown in Figure 10c, the estimated maximum |Py| of the S2 band in regions E and F 
(0.1–0.2) is much smaller than that in regions G and H (0.4–0.5), and it is similar to the result 
of regions A–D. But then, the down‐spin component dominates for out‐of‐plane spin polar‐
ization in regions E–H. This result suggests that Pz has opposite spin direction across the   Γ ¯       ̄  M   
line: the up‐spin component is superior in the negative ky (regions A–D), while the down‐spin 
 component is superior in the positive ky (regions E–H).

The data in regions I and J are also the same trend as shown in Figure 10d. The difference in 
|Py| across the   Γ ¯    point is also recognized by comparing the EDCs between regions I and J. In 
addition, the value of |Pz|(~zero) is a good agreement in regions I and J where the up‐ and 
down‐spin components almost overlap with each other because of the cancellation of two 
opposite spins. To see if a similar trend is observed along another high‐symmetry line   Γ ¯       ̄  K  , we 
demonstrate in Figure 10e the spin‐resolved EDCs measured in regions K–N. It is apparent 
that the sign of Pz (also Px) in region K (L) is the same as that in the region N (M), indicating 
that Pz (Px) does not switch the sign across the   Γ ¯       ̄  K   line.

Figure 11 shows a schematical view of the spin polarization vectors of the S2 band from 
Figure 10. We symmetrized the data by taking into account the threefold crystal symmetry 
due to the presence of a second bismuth layer. The in‐plane spin component has a vortical 
structure, but the magnitude of the spin polarization is perpendicular to k, called here Pθ. Pz 
has a large component and switches the sign by every 60° step. These features would lead 
to the periodic oscillation of Pθ and Pz, unlike the general Rashba SOC where Pθ = const and 
Pz = 0. Now, we discuss the origin of anomalous Rashba effect of Bi thin film. In the conven‐
tional Rashba effect, the in‐plane spin polarization of S2 is symmetry with respect to the   Γ ¯    
point. In this study, the TRS is not broken by some magnetic impurities because the Bi and Si 
are nonmagnetic materials. Another possibility of causing the broken TRS is the local surface 
conditions or the final‐state effect [35, 36]. However, this possibility might be also unlikely 
by the reproducibility of data and comparing with previous studies. Here it is noted that the 
LEED pattern of Bi/Si(1 1 1) in Figure 7 shows the threefold symmetry due to the bilayer‐Bi 
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of regions A–D. But then, the down‐spin component dominates for out‐of‐plane spin polar‐
ization in regions E–H. This result suggests that Pz has opposite spin direction across the   Γ ¯       ̄  M   
line: the up‐spin component is superior in the negative ky (regions A–D), while the down‐spin 
 component is superior in the positive ky (regions E–H).
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due to the presence of a second bismuth layer. The in‐plane spin component has a vortical 
structure, but the magnitude of the spin polarization is perpendicular to k, called here Pθ. Pz 
has a large component and switches the sign by every 60° step. These features would lead 
to the periodic oscillation of Pθ and Pz, unlike the general Rashba SOC where Pθ = const and 
Pz = 0. Now, we discuss the origin of anomalous Rashba effect of Bi thin film. In the conven‐
tional Rashba effect, the in‐plane spin polarization of S2 is symmetry with respect to the   Γ ¯    
point. In this study, the TRS is not broken by some magnetic impurities because the Bi and Si 
are nonmagnetic materials. Another possibility of causing the broken TRS is the local surface 
conditions or the final‐state effect [35, 36]. However, this possibility might be also unlikely 
by the reproducibility of data and comparing with previous studies. Here it is noted that the 
LEED pattern of Bi/Si(1 1 1) in Figure 7 shows the threefold symmetry due to the bilayer‐Bi 
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crystal structure, and we conjecture that the origin of the in‐plane spin asymmetry would 
be related to the crystal symmetry at present. Next, we discuss the out‐of‐plane spin polar‐
ization. Unlike in‐plane spin polarization, the threefold symmetry in the out‐of‐plane spin 
component is reported, and sign‐switching behavior is in good agreement with the previous 
studies in Bi/Ag(1 1 1) and Bi1‐xSbx [15, 37]. The spin structure of Bi surface state is also similar 
to the spin‐resolved ARPES experiments on the hexagonally warped Dirac‐cone Fermi sur‐
face of the topological insulator as well as the prediction of the kÂ·p theory [38, 39]. On the 
other hand, the absolute value of the out‐of‐plane spin polarization obtained by our experi‐
ment is 40–70%, while the theoretical value of previous studies is a few percent. In order to 
clarify the spin structure of Bi Rashba effect, we need to evolve theoretical and experimental 
studies.

3.2. Rashba effect at interface of a Bi Thin film on Si(1 1 1)

In this section, we focus on the spin structure around the    ̄  M   point of the Bi/Si(1 1 1) thin film. 
As shown in Figure 12a, the band dispersion of the QWSs dramatically alters around the    ̄  M   
point as a function of the film thickness d, and we prepared five different thickness film for 
d = 8, 10, 15, 20 and 40 BL. All of the samples, the bottom energy of an electron‐like dispersion 
is located at ~30 meV below EF. This band is well separated from the hole‐like band at higher EB 
arising from the QWSs that originate from the confinement of the wave function in the direc‐
tion perpendicular to the surface (z direction). There is no evidence for the Kramers degeneracy 
of the S3 band or the QWSs at the    ̄  M   point (ky = 0). The absence of the Kramers degeneracy at 
the    ̄  M   point has also been observed in the previous research of the Bi, and it is explained by the 

Figure 11. Schematic view of the spin structure of the S2 hole pocket in Bi/Si(1 1 1). Size of arrows roughly scales with 
the observed spin polarization. Data are folded by taking into account the threefold symmetric variation of the bilayer‐
crystal structure.
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hybridization of the surface states and the QWS [9, 12]. As clearly visible, we identify the QWSs 
at EB = 0.1–0.25 eV for d = 40 BL. Upon decreasing d, the top of the highest QWS shifts down‐
ward, and the energy separation of each QWS becomes wider, enabling us to unambiguously 
identify the overall energy dispersion of the individual QWS in the band dispersion plots.

In conventional Rashba picture, the in‐plane spin polarization of the S3 band is dominated 
by the up spin independently of a thickness at the cut 1 shown in Figure 12b. Figure 12c 
shows the spin‐resolved EDCs and spin polarization of Py for various d values of 8–40 BL. 
All of the spin‐resolved EDCs consist of the tail of the QWSs at EB > 0.1 eV and the S3 electron 
band at ~50 meV. As seen in Figure 12c, the in‐plane spin‐resolved EDCs of the S3 band for 
10–40 BL are dominated by the up spin, and this indicates that the in‐plane spin direction is 
qualitatively consistent with the normal Rashba picture. However, our result clearly demon‐
strates that the observed Py value strongly depends on d. The obtained Py value at d = 40 BL 
has a maximum at ~0.7, then gradually reduces at d = 15 BL (Py ~0.3) and finally reaches ~0 at 
d = 8 BL. It is noted that the much smaller spin polarization in the above‐EF region for d = 15 BL 
as compared to that for d = 40 BL might be due to much weaker peak weight in the original 
EDC and an intrinsic suppression of the spin polarization, which would lead to a relative 
enhancement of the background weight and less statistical reliability of the states above EF.

We discuss the physical mechanism behind the unusual thickness dependence of P. The cou‐
pling between the Bi film and the Si(1 1 1) substrate is fairly weak due to the presence of a dis‐
ordered wetting layer at the interface, suggesting that the Bi film is nearly freestanding [34]. 
Namely, the Bi/Si interface is also broken SIS, and it can be thought of as another (bottom) 
surface as with vacuum‐side (top) surface. These Rashba states of top and bottom surface 
should have opposite spin directions as illustrated in Figure 13. In case of bulk Bi, which is 
thick enough, the top and bottom Rashba states do not interfere with each other. On reducing 

Figure 12. (a) Thickness dependence of the band dispersion near EF along the    ̄  K     ̄  M      ̄  K   line, obtained by taking the second 
derivative of the EDCs at 30 K. EDC at the    ̄  M   point is also shown for each thickness. (b) The Fermi surface around the    ̄  M   
point. Blue and red arrows indicate expected spin configuration of the normal Rashba effect. (c) Corresponding spin‐
resolved EDCs and their spin polarizations for cut 1 in (b).
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thickness, the wave functions of the two Rashba states overlap and hybridize, which means 
that the up‐ and down‐spin states merge and the P observed by spin‐resolved ARPES would 
become small. This picture is a very simple model but explains in a nice way the thickness 
dependence of P. We also found that the decay length of the surface‐state wave function is 
around at least 20 BL (~80 Å) since the reduction in experimental P is already started in 20 BL 
(Figure 12). A thin film of Bi2Se3 topological insulator also exhibits a similar decay length, as 
inferred from the experimental fact that the hybridization gap starts to open at six quintuple 
layers (~60 Å) [40]. Our result also suggests that the Rashba effect of Bi/Si interface is useful 
for the spintronic devices because the interface is generally more stable than the surface.

3.3. 1D edge state with Rashba effect in Bi thin film

As observed by the atomic force microscopy of our Bi thin film (Figure 14), triangular‐shaped 
Bi BL islands with typically ~0.1 μm edge length are formed on the top surface of the Bi thin 
film as reported previously [34], and the edge of each island is perpendicular to the   Γ ¯       ̄  M   direc‐
tion considering sample geometry; namely, the edge runs along the   Γ ¯      ̄  K   direction in the k space. 
According to previous experimental and theoretical studies, there are no bulk and surface states 
near the    ̄  K   point, and we might observe some electronic state if edge state exists along the   Γ ¯      ̄  K   
line.

We demonstrate the band dispersion of Bi thin film along the   Γ ¯      ̄  K   line for d = 15 BL in 
Figure 15. With a careful look at the region between   Γ ¯      ̄  K   line (yellow rectangle in Figure 15a), 
one finds unexpected faint intensity displaying a finite energy dispersion, as better illustrated 
with enhanced color contrast in the inset. To establish the energy dispersion of this unex‐
pected feature, we have measured the ARPES data along several cuts in the surface Brillouin 
zone (Figure 15b). A careful band searching with the enhanced intensity scale (Figure 15c) 
shows the band dispersion with a characteristic x‐shape along cuts 1–3. The intersection of 

Figure 13. Schematic view of the spin vectors for the Fermi surface at the top and bottom surfaces.
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the x‐shaped band is at ky ~ 0.7 Å‐1 not at the high‐symmetry points of the surface and bulk 
Brillouin zone. Intriguingly, this band is robust against the change in the kx location of cut 
(cuts 1–3). This demonstrates that the x‐shaped dispersion has a 1D character along the ky 
direction. Indeed, the observed band structure along cut 4 (perpendicular to cuts 1–3) shows 
no obvious dispersion, confirming the 1D nature. To experimentally clarify the spin‐split 
nature of the edge band, we have performed a spin‐resolved ARPES experiment. As shown in 
Figure 15d which plots the spin‐resolved EDCs at a representative ky point (marked by a pink 
line in Figure 15c), we clearly find a difference between the up‐ and down‐spin spectra in both 
the in‐plane and out‐of‐plane components.

As for the origin of the unexpected 1D state, we have taken into account various possibilities 
such as the mixture of domains with different film thickness, surface reconstruction, slight 
isolation of the topmost Bi bilayer and surface stacking faults. A most natural and convincing 
explanation is that it originates from the edge states of Bi bilayer. To further strengthen our 
conclusion, we have carried out first‐principles electronic band structure calculations for a 
specific crystal structure (Figure 16). Electronic band structure calculations were carried out by 
means of a first‐principles density functional theory approach with the all‐electron full‐poten‐
tial linearized augmented‐plane‐wave method in the scalar relativistic scheme. The spin‐orbit 
coupling was included as the second variation in the self‐consistent‐field iterations. Thin‐film 
systems were simulated by adopting periodic slab models with sufficiently thick vacuum 
layer. In this model, Bi atoms in 1D allay are removed from the topmost Bi 1BL (Figure 16a) 
so as to reproduce the infinitely long edge structure along the y direction. Assumption of such 
an idealized model crystal is turned out to be sufficient for reasonably simulating the edge 
band structure. As shown in Figure 16c, the Brillouin zone for this model crystal structure 
has a rectangular shape. The vertical length of Brillouin zone is the same as the   ¯ M      ¯ M   
interval since the size of unit cell along y‐axis is the same for the edge structure and the Bi thin 
film. On the other hand, the horizontal Brillouin zone length has no important physical role 
because the unit‐cell length for x‐axis was simply chosen for the sake of calculations. Thus, 

Figure 14. The atomic force microscopy image of a Bi thin film (d = 15 BL) at T = 300 K.
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the high‐symmetry point    ¯ Y   now becomes the time‐reversal‐invariant momentum and is 
located exactly at the horizontal projection of the    ¯ M   point (ky = 0.69 Å‐1), which actually 
coincides with the intersection of the x‐shaped band. Figure 16c displays the calculated band 
dispersion along the   Γ ¯       ¯ Y   direction of Bi thin film for d = 10 BL. We identify two prominent 
dispersive bands, which cross EF and have the edge‐state origin. Moreover, the edge bands 
show the Rashba spin splitting due to the strong spin‐orbit coupling at the edge, as evidenced 
by the degeneracy at the    ¯ Y   point. We found that the overall spin‐vector direction in the 
experiment, that is, sign of spin polarization for each component, is also consistent with the 

Figure 15. (a) Band structure of a Bi thin film along the   Γ ¯       ̄  K   high‐symmetry lines. To better trace the weak signal around 
the    ̄  K   points, an enhanced color scale image is shown in the inset. (b) ARPES intensity plot at EF around the   Γ ¯       ̄  K   line. 
(c) Band dispersion near EF along cuts 1–4 in (b), respectively. (d) Spin‐resolved EDCs for the in‐plane and out‐of‐plane 
spin components at the k point indicated by the pink line in (c), together with the corresponding energy dependence of 
the spin polarization.
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Figure 16. (a) Side and top views of the artificially constructed model crystal structure used to calculate the energy band 
structure of the edge state. Area enclosed by gray and red solid lines shows the unit cell. Crystal structure in the unit cell 
contains 1 BL Bi ribbon on 3 BL Bi where hydrogen atoms terminate one side of the edge in Bi ribbon. (b) The 1D Brillouin 
zone (red line) of the model crystal structure shown in (a), compared to the 2D hexagonal surface Brillouin zone (black 
line). (c) Band calculations for the model crystal structure along the   Γ ¯       ̄  Y   line. The wide of red or blue curves indicates the 
concentration of the up‐ and down‐spin electrons along the axis specified in the figure.

 calculation, while the absolute magnitude of the spin polarization in the experiment (~0.2) is 
much smaller than that of the calculation (~0.26 to 0.64) in both the in‐plane and out‐of‐plane 
components, likely due to a finite contribution from the angle‐integrated‐type background in 
the ARPES spectra and the spin‐orbit entanglement effect [41]. Finally, we have estimated the 
Rashba parameter αR by numerical simulation for the 1D parabolic band with the SOC and 
obtained αR = 0.80 ± 0.05 eVÅ (Figure 17). This value is much larger than that for the 2D sur‐
face state (0.56 eVÅ) [11, 15], and the difference could be explained in terms of the presence of 
an in‐plane potential gradient [15, 42] at the edge in addition to the out‐of‐plane component, 
which already exists in the 2D film, as supported by observation of the out‐of‐plane spin 
polarization as large as the in‐plane counterpart. Recently, STM study on the edge states of Bi 
crystal and thin film [43, 44]. The STM study reported that one of two types of edges, where 
Bi atoms are terminated at close to vacuum, which corresponds to our calculation, has a 1D 
character. The band dispersion of the edge state observed in ARPES shows a good agreement 
with the calculated bands, suggesting that both ARPES and STM observe the same edge state. 
It is true that 1D electronic state that observed our ARPES measurement is localized at edge. 
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The edge state in Bi would be also useful in realizing novel physical properties and new 
 spintronic devices.

4. Conclusions

We have demonstrated anomalous Rashba effect of Bi thin film on Si(1 1 1) by using spin‐
resolved ARPES. Major findings of the present work are the following three features: (i) the 
surface Rashba states of Bi exhibit the asymmetric in‐plane spin polarization and the giant 
out‐of‐plane spin polarization, (ii) the spin polarization of the surface states is reduced on 
decreasing thickness and (iii) 1D band dispersion from the edge state of Bi islands on Si(1 1 1) 
exhibits large Rashba effect. These observed peculiar spin states are not explained in terms of 

Figure 17. Experimental band dispersion for cuts 1–3 extracted from the peak position of the EDCs in Figure 15c, 
compared with the numerical simulation for a simple 1D Rashba splitting (dashed black curve).
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the conventional Rashba effect, and these results open a pathway for realizing exotic physical 
properties at the strong SOC systems.
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Abstract

Poly(3‐alkylthiophene) (P3ATs) have been extensively used in photovoltaic devices such 
as a p‐type organic Semiconductors. However, several electronic properties of P3ATs 
present energy transfer inter‐ and intra‐chains that have direct consequences on the 
performance of optoelectronic devices. Traditionally electrochemical techniques, such 
as cyclic voltammetry, chronoamperometry and chronocoulometry, have been applied 
to process polymer thin films and unconventional spectroscopy techniques are used to 
characterize the electronic properties. In the present work, we used an innovative tech‐
nique called ellipsometry emission to investigate the optical properties of P3AT films. 
We propose a new approach to study the electrochemical synthesize and unintentional 
doping processes of polymeric systems. We showed a strong correlation between the 
electrochemical synthesis and the optical properties controlling the film growth condi‐
tions for P3ATs. The results obtained in the present study can be potentially utilized for 
applications in organic devices, mainly in photovoltaic cells when the film deposition 
and the optical properties control are relevant.

Keywords: poly(3‐alkylthiophene), electrochemical synthesis, optical properties, energy 
transfer, emission ellipsometry

1. Introduction

Over the last decades, semiconductor polymers have attracted considerable interest, partic‐
ularly for the production of organic electroluminescent diodes (OLEDs) and organic photo‐
voltaic cells (OPVs), in which they present high emission efficiency in the visible region and 
UV‐Vis absorption in the broad spectral window [1, 2]. Devices using conductive polymers 
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exhibit some advantages over inorganic semiconductors. They are easily deposited on thin 
solid films by low‐cost techniques such as spin coating, casting or electrochemical [2, 3]. Among 
the wide variety of conductive polymers, poly(3‐alkylthiophene) (P3AT) has been studied due to 
its various physical‐chemistry characteristics, e.g., good chemical stability, solubility (making it 
an easy deposition material on substrates) and has electrochromic and thermochromic charac‐
teristics [4]. Besides these properties, the luminescence efficiency of this polymer has increased 
significantly in the function of the alkyl chain length [5, 6]. Basically, P3ATs are the derivatives 
of polythiophene (PT) which are obtained from the polymerization of thiophene (monomer), a 
sulfur heterocyclic ring [7]. The precursor monomer of P3ATs, 3‐alkylthiophene is also composed 
of thiophene ring and alkyl groups, in compliance with the following combination [5]:

   C  n    H  2n+1    (1)

where C is the carbon chemical element, H is the hydrogen chemical element and n is the 
number of carbons that compose the molecule.

The P3ATs chemically synthesized presented an energy gap of around 1.93 eV (640 nm) [5, 6, 
8–12]. Interestingly, this energy gap independent of the size of the alkyl lateral chain because 
it is not conjugated. Therefore, the recombination of excited carriers occurs only in the main 
conjugated polymer chain. However, the intensity of the emission band is directly related to 
the alkyl chain [6]. Another important observation about the emission band intensity is the 
anomalous temperature dependence [5].

Ohmori et al. [6] have observed luminescence intensity dependence in function of the length of 
the alkyl chain. They used three P3ATs with different sizes of the alkyl chain. The P3ATs have tra‐
ditionally been prepared by chemical synthesis from 3‐AT monomers with FeCl3 as a catalyst. 
Chemical synthesis of P3AT polymer, using a standard way in the literature, was first obtained 
by Yoshino et al. in 1984 [13]. In addition, Yoshino et al. [5] noted that the photoluminescence 
intensity (PL) of P3AT films increases in the function of the sample temperature and decreases 
after the melting point. This result has been discussed in terms of the effective conjugation 
length, since the dynamics of the excited species are influenced by the occurrence of a twist 
between the vicinity of the thiophene rings together with the interchain interaction. In the last 
decade, the interest in the organic electronic devices has increased significantly; however, some 
effects on their operation are not fully understood, in particular the interface effects of the sub‐
strate/polymer and energy transfer of excited carriers [9, 14–16]. Since the physical‐chemistry 
properties and investigation of organic active layers, such as P3ATs thin solid films, can eluci‐
date the development of new optoelectronic devices [16–18]. Interface effects cause significant 
quenching of excited carriers and it is commonly investigated by conventional spectroscopic 
techniques [15, 19], such as ultraviolet‐visible absorption (UV‐Vis), photoluminescence (PL), 
photoluminescence excitation (PLE), vibrational spectroscopy (FT‐IR and RAMAN) [8, 12, 20, 
21] and the morphological technique of atomic force microscopy (AFM) [22–24]. In the case of 
energy transfer processes of excited carriers, the analysis of polarization of emitted light can 
be directly correlated with polymeric chain position parallel to the direction of the transition 
dipole moment [25–27]. Moreover, we need to consider the effects of the deposition method.

In present work, we used the electrochemical synthesis for deposition of P3AT thin solid film 
correlating with optical properties. We demonstrated an easy and efficient alternative method 
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to control the processing of organic optoelectronic devices. In that context, Therézio et al. in [8] 
show two distinct structures of the polymer chain morphology shifting the band gap to higher 
energies, using an optical analysis of P3ATs films electrochemically prepared. Moreover, refer‐
ence [9] also indicated that it is possible to analyze the polarization of the emitted light by the 
supporting electrolyte effects on the emission properties of P3ATs films. The results conclude 
quantitatively that the best‐supporting electrolyte concentration for the P3ATs film's production 
is 0.100 mol L‐1. It is in absolute agreement of the electrolyte concentration used in the litera‐
ture to P3ATs synthesis. Recently, Santana and coworkers [10, 12, 28, 29] have shown that the 
P3ATs synthesis is possible using different supporting electrolytes, solvents and thicknesses. 
Therefore, it was possible to correlate the growth conditions of the electrochemical synthesis 
and optical properties to produce polymer films with possible application in optoelectronic 
devices. We present the systematic study of two sets of poly(3‐dodecylthiophene) (P3DDT) 
films grown electrochemically with two different electrolytes. All thin films were deposited on 
a transparent electrode FTO (fluorine‐doped tin oxide) and cycles ranging from 1 to 10 cycles. 
In addition, it was possible to obtain the emission optical characteristics in the function of the 
amount of polymer deposited or the polymeric film thickness. We used, in the present investiga‐
tion, UV‐Vis absorption, photoluminescence and ellipsometry emission. As a result, we assign 
the use of an alternative optical characterization to probe the organic semiconductors obtained 
via electrochemical techniques [20, 23].

2. Electrochemical deposition in poly(3‐alkylthiophenes) films

P3DDT samples were deposited on the FTO substrate by the electrochemical synthesis of 3‐
dodecylthiophene (C16H28S) monomer in an electrolyte solution containing a solvent, salt and 
monomer. In stoke solution, we used acetonitrile (CH3CN), monomer 3‐dodecylthiophene 
and lithium perchlorate (LiClO4) or tetraethylammonium tetrafluoroborate ((C2H5)4NBF4 or 
Et4NBF4) salts [9]. The concentrations used are 0.100 mol L‐1 for the support electrolyte (SE), 0.050 
mol L‐1 for the monomer and 0.040 mol L‐1 for Et4NBF4 or LiClO4 electrolyte. The options for 
the  previous concentrations is based on the literature for poly(3‐methylthiophene) and poly(3‐
octylthiophene) [9, 10, 30–32]. The films grown in the present study are labeled in Table 1.

2.1. Cyclic voltammetry

The P3DDT films were electropolymerized and deposited on FTO substrates by cycles of 
the voltammetry method (CV) using the IVIUM COMPACTSTAT potentiostat/galvanostat. 
Alternatively, reference [9] presented additional deposition techniques of chronoamperometry 
and chronocoulometry used to synthesize P3AT films [9]. Polymerization was accomplished 
by continuous cycling the potential of the FTO electrode between +2.200 and ‐0.000 V for 
Et4NBF4 and +2.900 and ‐1.000 V for LiClO4. Electropolymerization scan rate was determined 
at 0.050 V/s. Different sample thicknesses were obtained by increasing the number of cycles 
in CV ranging from 1 to 10 for each electrolyte. In the electropolymerization CV technique, 
we used standard‐three‐electrodes‐cells: platinum auxiliary electrode, reference electrode con‐
taining saturated demonized water solution of potassium chloride (KCl) and FTO‐working 
electrode. Electrodes were immersed in an electrolyte solution containing acetonitrile, mono‐
mer 3‐dodecylthiophene and inert salt under a controlled atmosphere using argon gas.
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Initially, the voltammetry cyclic synthesis, oxidate or reducte the polymer monomers bond‐
ing its covalently increasing the main chain length and deposit the polymer via physical‐
chemistry interaction with the working electrode. The polymer chain length formed in this 
process occurs until the saturation limit of the chain is achieved. Then, in each CV cycle new 
polymer chains are deposited on the previously deposited polymer layer. Figure 1 shows the 
cyclic voltammogram for EtNBF10 (Figure 1a) and LiClO10 (Figure 1b) films. We observe 
that between the first and the last cycles, there are different maximum of reduction poten‐
tials 0.56 and 0.32 V for EtNBF10 and 0.36 and 0.48 V for LiClO10, respectively. These ddp 
differences indicate the film thickness and material deposited amount is increasing between 
consecutive CV cycles [33].

The increase in number of electropolymerization cycles leads to the formation of various lay‐
ers until the saturation point of the film. Assuming that in each cycle, the maximum voltage 
of oxidation or reduction represents the cathode and anodic ionizing potential, respectively, 
the difference in ionization potentials allows us to infer the energy gap (Eg) of the material. It 
is important to observe that the CV curves need to display only one oxidation or reduction 
process, as in the case of P3DDT films, see Figure 1. This method was first introduced by 
Eckhardt et al. [34] for organic semiconductor materials. Table 2 shows the oxidation and 
reduction maximum values for all P3DDT films. Calculated Eg values increase from the first to 
the last cycle regardless of the electrolyte since the resistance of the carriers is greater for the 
additional P3DDT layer after each cycle, thus increasing film thickness [30, 33].

By comparing the values, shown in Table 2 for the energy gap, it can be observed that the films 
with the Et4NBF4 electrolyte require less energy for their formation. The increase in voltage 
required for the formation of films and of energy is due to the presence of BF4

‐ and ClO4
‐ anions 

in the electropolymerization, which has great influence on the morphology, structure and 

Electrolyte Number of cycles Nomenclature used

Et4NBF4 1 EtNBF01

2 EtNBF02

4 EtNBF04

6 EtNBF06

8 EtNBF08

10 EtNBF10

LiClO4 1 LiClO01

2 LiClO02

4 LiClO04

6 LiClO06

8 LiClO08

10 LiClO10

Table 1. Label of P3DDT film in function of the cycles number and electrolyte.
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 electrochemical polymer properties [7–9, 19, 20, 31]. In addition, great Eg can be correlated with 
the high doping of P3DDT chains producing higher polymer quinone form. It was showed by 
Therézio et al. [8, 19] studied that the energy gap in doped P3AT films increases. Therefore, in 
our study, we also recommend the P3DDT films with lesser deposition cycles and lesser doped 
or lower gap energy which displays major polymer chains in the pristine form.

Figure 1. Cyclic voltammetry of (a) EtNBF10 and (b) LiClO10 films.

Film Cathodic maximum (V) Anodic maximum (V) Eg (V)

EtNBF01 – 0.84 –

EtNBF02 1.25 0.80 0.45

EtNBF04 1.44 0.70 0.74

EtNBF06 1.62 0.68 0.94

EtNBF08 1.76 0.55 1.21

EtNBF10 1.82 0.55 1.27

LiClO01 2.40 0.84 1.56

LiClO02 2.55 0.68 1.87

LiClO04 2.61 0.64 1.97

LiClO06 2.80 0.59 2.21

LiClO08 2.80 0.45 2.35

LiClO10 2.80 0.30 2.50

Table 2. Cathodic and anodic ionization potential for P3DDT films.
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3. Optical characterizations

3.1. UV‐Vis absorption1

In the UV‐Vis spectral range with maximum absorption centered at ~450 nm. For the EtNBF02 
film, a well‐resolved absorbance band at ~775 nm is also observed. This band is the result of 
the interaction between the BF4

‐ anion and P3DDT polymer chains [8, 9, 20]. Similar results are 
observed in different P3AT polymers [35–37]. To higher electropolymerization cycle number, 
the band at ~775 nm is further evident (not shown), in which it is possible to correlate the cycle 
number and UV‐Vis absorption intensity to follow the polymer‐grown deposition. Figure 2b 
shows the absorption spectra for the LiClO01 and LiClO02 films in the UV‐Vis spectral range. 
It observes in Figure 2b that the maximum absorption is approximated at ~400 nm for the 
LiClO02 film, but it cannot be confirmed by the exact spectral position because of the absorp‐
tion of the FTO substrate. The blue shift of the absorption maximum position in comparison 
of absorbance spectra of the Et4NBF4 films should be considered due to the presence of two 
different P3DDT molecules morphologies or the diminish of the length of the polymer chains. 
As a result, the decrease of the conjugation and the increase of the gap energy of the mate‐
rial occur. That effect was recently reported by Therézio et al. [8, 12] to the P3AT derivative 
where the maximum position and intensity of absorption change in function of the electrolyte. 
Other castellation is the exposition of the film on the atmosphere environment that induces 
relatively quick (days) polymer films degradation. Lower intensity and poorly resolved absor‐
bance band at ~650 nm is observed in Figure 2b for LiClO02 and thick films (not shown) due to 
the interaction between the ClO4

‐anions and the P3DDT molecules [8, 9, 12, 20, 31].

1UV‐Vis measurements were conducted using a spectrophotometer FEMTO XI 800, operating in the 190‐900 nm range.

Figure 2. UV‐Vis spectra for P3DDT films with one and two electropolymerization cycles: (a) EtNBF01 and EtNBF02 
films and (b) LiClO01 and LiClO02 films.
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3.2. Photoluminescence (PL)2

We consider several radiative contributions associated with different interactions to simulate 
the emission spectra due to the presence of the anion in the electrolyte solution and polymer 
chain [8, 9, 12, 31]. Basically, for P3ATs emission spectra we may approximate the line shape 
considering quinone or oligomer structures (high energy) and pristine (low energy) structures. 
The main structures present in these polymers such as the quinone and pristine structures 
are shown in Figure 3. The result is the maximum shift or relative intensity change due to the 
interaction of electron‐vibrational modes of quinone or pristine structures [8, 19] or different 
lengths of polymer chains [38].

Figure 4a and b shows the PL spectra of P3DDT film synthesized using both Et4NBF4 or 
LiClO4 electrolytes, respectively. Note that the spectra are broad in the UV‐Vis spectral range. 
Figure 4a shows normalized PL spectra for P3DDT films grown using the Et4NBF4 electrolyte, 
where the maximum of the emission redshift increased the number of cycles. This is due to 
the presence of oligomers with smaller conjugation lengths [38] and quinone chains [8, 19]. 
In addition for EtNBF01–EtNBF04 films, it is possible the occurrence of polymer chains with 
lower molecular weight and interface substrate/polymer, polymer/polymer and polymer/
electrolyte effects [14, 22]. By increasing the film thickness (>4 cycles), PL spectra shifted to 
high wavelengths (redshift), it according the rise of in residence time in the electropolymeriza‐
tion process in the presence of higher conjugated polymer chains and pristine structures [8, 9, 
12]. Figure 4b shows the PL spectra of P3DDT films synthesized with LiClO4, presenting the 
similar line shape characteristics observed in Figure 4(a). Film emission spectra utilizing that 
electrolyte also display different radiative processes. In this case, we consider two different 
configurations of P3DDT molecules, i.e., pristine or quinone structures [8, 9, 12]. The emission 
line shape is practically identical to LiClO01–LiClO08 films. However, the PL spectra for the 
thicker LiClO10 film is red shifted due to the new polymer structures created by the interac‐
tion ClO4

‐ ion present in the solution [8, 12]. It is possible in the synthesis the presence of high 

2PL measurements were obtained by exciting the samples with the 405 nm line of a diode laser at 4.0 mW (Laser Line‐
iZi), vertically polarized in relation to the laboratory reference. The emission was detected and analyzed by a USB 2000 
ocean optics spectrophotometer.

Figure 3. Scheme for P3DDT (a) pristine and (b) quinone structure.
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polymer conjugation length or pristine structures [8, 9, 12]. Results are coherent with recent 
observation of P3ATs when different electrolytes tend to influence the molecular polymer 
structure [7, 33].

Figure 4(c) and (d) shows the spectra simulation for EtNBF10 and LiClO10 films, respectively, 
using the multi‐Gaussian function, following the procedure utilized for P3AT polymers [8, 9, 
12, 13]. First, we consider the polymer chains without the presence of dopants and without 
structural changes. Second, we introduce the contribution to the emission line shape of dop‐
ants and possible new structural changes (Figure 3) [8], as established by the P3AT family [35–
37] in the energy range of polymeric chains or oligomers [38, 39]. Moreover, it was also added 
bands due to the interaction of the electron‐vibrational modes. The typical optically active 
vibration mode is 1450 cm‐1 for the C=C group [37]. In Figure 4(c), the PL spectra centered at 
~516 nm can be assigned to high conjugation polymer chains. The second band at ~584 nm is 
due to quinone structures, which is the result of interaction between the salt and the polymer 
chains. The band at ~638 nm is attributed to pristine without the salt‐polymer interaction. 

Figure 4. PL spectra for P3DDT films formed with electrolyte (a) Et4NBF4 and (b) LiClO4. PL simulation for (c) EtNBF10 
and (d) LiClO10 films.
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Finally, the last one at ~678 nm is normally reported as the vibrational replica [35–37]. We 
perform a similar procedure to simulate the spectra of P3DDT films processed with LiClO4 
and the results are presented in Figure 4(d). Note in this case, the spectrum may be simulated 
with only Gaussians curves [8, 12]. The emission band at ~572 nm is assigned to the interac‐
tion between the electrolyte and the polymer chain forming mainly quinone structures and a 
band at ~610 nm is due to the pristine structure. That result is agreement with the reports on 
the P3ATs family [8, 9, 12, 19]. A similar simulation was performed for all samples analyzed 
and the results are shown in Table 3. And it observed that the films synthesized with Et4NBF4 
have vibrational replicas at 680 nm. The presence of the bands assigned to the quinone and 
pristine structures is also evident for both electrolytes. As a result, it is possible to correlate the 
maximum emission spectral position to the amount of these structures in the polymeric film.

Table 2 shows that the P3DDT band gap should change, increasing the number of the deposi‐
tion cycles. However, data in Table 3 demonstrate that the emission of quinone or pristine 
chains does not change the spectral position, respectively, at 569 ± 7 and 631 ± 8 nm for films 
grown in Et4NBF4 and 538 ± 9 and 588 ± 7 nm for the films grown in LiClO4. The redshift in the 
emission spectra is due to the emission bands of the pristine or quinone species. In addition, 
the present result shows how the use of electropolymerization is able to synthesize regular 
polymer chains, in which it is an important point when the reproducibility of polymeric lay‐
ers is important, mainly to applied in an organic device area.

Films 1st oligomers band

nm (eV)

2nd oligomers 
band

nm (eV)

Quinone band

nm (eV)

Pristine band

nm (eV)

Vibrational replica

nm (eV)

EtNBF01 465 (2.66) 520 (2.38) 568 (2.18) 630 (1.96) 684 (1.81)

EtNBF02 461 (2.68) 515 (2.40) 556 (2.22) 610 (2.03) 674 (1.83)

EtNBF04 – 500 (2.47) 569 (2.17) 638 (1.94) 691 (1.79)

EtNBF06 – 499 (2.48) 566 (2.19) 625 (1.98) 683 (1.81)

EtNBF08 – 512 (2.42) 575 (2.15) 632 (1.96) 675 (1.83)

EtNBF10 – 516 (2.40) 584 (2.12) 638 (1.94) 678 (1.82)

LiClO01 – – 540 (2.29) 589 (2.10) –

LiClO02 – – 539 (2.30) 588 (2.10) –

LiClO04 – – 537 (2.30) 587 (2.11) –

LiClO06 – – 535 (2.31) 579 (2.14) –

LiClO08 – – 534 (2.32) 576 (2.15) –

LiClO10 – – 572 (2.16) 608 (2.03) –

Table 3. Maximum of curves of the deconvolution in the PL spectra for EtNBFxx and LiClOxx films.
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3.3. Emission ellipsometry (EE)3

Recently, we demonstrated the correlation between polarized emission light and P3DDT 
films grown using the electrochemical using emission ellipsometry technique [25, 26, 40]. 
Photoluminescence polarization reveal important properties of the material structure, e.g., 
anisotropy, which has immediate application in industry [41]. By using the ellipsometry tech‐
nique, the polarization state of the emitted light can be determined by calculating the S0, S1, 
S2 and S3 Stokes parameters. S0 is associated with the total light emitted amount, S1 describes 
the linearly polarized amount of light in the vertical or horizontal direction, S2 describes the 
linear polarization amount rotated by +45° or ‐45° and S3 describes the circularly polarized 
light to the right or left. These parameters are obtained by adjusting the intensity I of the equa‐
tion [25, 40]:

  I  (  θ )    =   1 __ 2    [  A + B . sin  (  2θ )    + C . cos   (  4θ )    + D . sin(4θ ) ]     (2)

where I is the electric field intensity, θ is the angle between the axes of the quarter‐wave 
plate and of the polarizer,  A =  S  
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where N is the number of steps of the quarter‐wave plate. Eq. [2] can be solved considering 
the eight possible combinations of the harmonic functions (sine and cosine) and the total 
intensity (parameter   S  

0
   ). In other words, the minimum number of points for solving Eq. (2) is  

N = 9  or  Δθ = 40°  and, from the experimental point of view, the symmetry  I  (  θ )    =  I  (  θ + 2π )    . The 
new method to solve Eq. (2) was introduced by Basílio [42]. Stokes parameters are associated 
with the degree of polarization (P) of the emitted light by [25, 40]:.

  P =   
  (   S  1  2  +  S  2  2  +  S  3  2  )     

  1 __ 2  
 
 _________  S  0  

   . (4)

Moreover, it is also possible to obtain the dissymmetry factor g the circularly polarized light 
emission degree and the anisotropy factor r, it is associated with molecular ordering of the 

3The emission ellipsometry experiment was performed using the setup described by Alliprandini et al. [25–27]. The 
samples were excited by a laser in 405 nm, and the emitted light was collected by a set of lenses and directed through 
an achromatic quarter‐wave‐plate (Newport 10RP54‐1), as a compensator and an achromatic polarizer (Newport 10LP‐
VIS‐B). The emission was detected and analyzed by an USB 2000 Ocean Optics spectrophotometer. The experiment was 
performed by rotating the compensator in its own plane from 0 rad (0°) to ~6.28 rad (360°), with steps of ~0.17 rad (10°). 
All measurements were performed at room temperature (~20°C) and under 10‐4 Torr vacuum.
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polymer chains [22, 43]. These factors are obtained from the Stokes parameters in Eqs. (5) and 
(6). The use of the dissymmetry factor g equation is conditioned to the referential adopted: the 
vertical direction (y‐axis) as a positive sign and the horizontal direction (x‐axis) as a negative 
sign.

  g =   ± 2   
 S  3   __  S  0  

    (5)

  r =     
− 2   

 S  1   __  S  0  
  
 ____ 

3 +   
 S  1   __  S  0  

  
    (6)

3.3.1. Emission ellipsometry in P3DDT

The results presented in this section are dedicated to study the photophysical effects of P3AT 
films. In addition, it is possible to correlate the energy transfer mechanisms [44, 45] and polar‐
ization light states [22, 25–27]. Note that, in general, they are intrinsic characteristics semicon‐
ductor polymers. Stokes parameters are directly related to the light polarization states and, 
consequently, with factors related to orientation of the polymer chains in the films [25, 26], in 
which it provides information about the samples molecular ordering along the polymer films. 
In principle, the electrochemically synthesis by cyclic voltammetry does not show a molecular 
order [9].

Figure 5 shows the parameters S1/S0, S2/S0 and S3/S0 in the spectral range of P3DDT emission 
obtained from the EE data for EtNBF01 and EtNBF10 films. The Stokes parameter values are 
virtually null in Figure 5a. It indicates that the light emitted by EtNBF01 films has random 
polarizing directions, i.e., depolarized with high probability of energy transfer from the pho‐
toexcited carriers in all directions of the polymeric film plane. It is important to remember 
that the excitation polarization is linear in the vertical direction (laboratory referential) and 
only chronophers with transition dipole in the parallel direction are excited. However, for 
EtNBF10 film thickness, we observe, in Figure 4b significant variation for the S1/S0 and S2/S0 
parameters. In principle, the films grown using electrochemical techniques have not molecu‐
lar order [40], but they may have partially polarized emission when the excitation light is 
linearly polarized [9, 24, 40, 43]. Another important observation is that the inversion signal of 
the S1/S0 curve occurs simultaneously with the reversal of S2/S0 curve. This may be explained, 
according to Foster’s  energy transfer process mechanism [44] by the excitation low molecular 
weight chains or oligomers that have their transition electric dipole or part thereof aligned 
with the excitation source, energy absorbing (405 nm). Thus, part of the absorbed light is 
transferred via Förster processes to another polymer with larger conjugation length, pristine 
and quinone structures, in a random direction, depolarized and decreasing the values of the 
S1/S0 factor close to zero above 525 nm. However, some excited oligomers and low molecular 
weight chains may not energy transfer increasing the emission in the parallel direction of exci‐
tation polarized light [9, 26]. It is observed in the S1/S0 factor from 475 to 525 nm spectral range 
due to the effects of the substrate‐polymer or polymer‐polymer interface [14, 22]. Finally, the 
S3/S0 parameter indicates that the light emitted does not have significant right or left circular 
polarization.
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Förster energy transfer occurs when two conditions are met [44, 45]. First (i), the distance 
between the donor and the acceptor chromophores is up to ~ 10 nm, and (ii) second, paral‐
lelism condition, i. e, the electric dipole moment of the donor and the acceptor is parallel 
(aligned) or component of electric dipole moment of the acceptor is in the parallel direction 
of electric dipole moment of the donor [44]. Thus, when conjugated polymer segments absorb 
energy partially or totally is transferred to another, generally, higher conjugation polymer 
degree due to the electronic‐vibrational relaxation mechanism. During the transfer process, 
the energy undergoes depolarization or rotational changes due to the misalignment of the 
dipoles in the same direction of the polymer main chains. As a result, when there is an emis‐
sion in another part of the polymer or different polymer chains, a different polarization com‐
pared to the initial direction of the excitation polarization is obtained. Thus, the molecules, 
whose dipole or parts of its components are aligned with the excitation source, transfer energy 
to the polymers with greater conjugation lengths, causing an emission at lower energies. For 
the thick film in Figure 5b, the oligomers show great probability to transfer energy to other 
chains with greater conjugation lengths (quinone and pristine chains), parameter S1/S0 ~0, see 
spectral range assigned to oligomers between 475 and 525 nm. Similarly, Figure 6 shows the 
EE curves for LiClO01 (Figure 6a) and LiClO10 (Figure 6b) films. Note that the emission of 
these films has horizontal and linear polarization, S1/S0 > 0 and polarization rotation to + 45° 
in relation to the polarization of the excitation light S2/S0 < 0. Circular polarization emission 
is not observed at S3/S0~0 to 500–675 nm. All samples processed using LiClO4 have the same 
EE curves characteristics (Figure 6). An explanation for the absence of reverse bias directions 
and rotation observed for the films processed using the Et4NBF4 electrolyte is the preferential 

Figure 5. EE curves for films (a) EtNBF01 and (b) EtNBF10.
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formation of polymer chains with smaller conjugation lengths. It is compatible with the lower 
energy transfer at a higher spectral range <550 nm.

The polarization degree P (Eq. (4)) indicates the amount of light that is polarized, without dif‐
ferentiating between linearly or circularly polarized lights [25, 27, 40]. There are other two 
important parameter to quantify the polarization: the anisotropy factor r (Eq. (6)) that may be 
correlated with the direction of the polymer chains and the dissymmetry factor g (Eq. (5)) asso‐
ciated with the emission of the circularly polarized light [22, 40, 43]. The parameters P, r and g 
are obtained directly from Stokes parameter values [22, 43]. Figures 5a and 7a show the polar‐
ization degree parameters for the EtNBF10 film in the function of the  emission  wavelength, 
presenting  maximum at 495 and 630 nm. At 495 nm, we observe the signal  inversion of S2/S0 
coinciding with the minimal value for S1/S0 curves. The dissymmetry factor g in the emission 
spectral region is around ~5% or below, indicating that there is no emission of circularly polar‐
ized light [44]. Figure 5b shows the polarization degree P, anisotropy factors r and dissymme‐
try factor g for the LiClO10 film. We can observe that the polarization of the emitted light is high 
(~28%) at a low wavelength region (<550 nm) addressed with oligomers decreasing monotonic 
above 550 nm. The parameters r and g followed the spectral dependence of p. However, the 
parameter g does not display significant values. On the other hand, r values in the spectral range 
of oligomers emission are related to the decrease of energy transfer between adjacent polymer 
chain, according to reference [26]. The dissymmetry factor g has no significant intensity.

Figure 6. EE curves for films (a) LiClO01 and (b) LiClO10.
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4. Conclusions

We showed the strong correlation between the optical properties of a P3AT polymer and the con‐
ditions of the polymer electrochemical growth, demonstrating that it is possible to control the 
optical properties of polymeric films by controlling the growth conditions. For this, we use dif‐
ferent electrolytes during the synthesis of polymeric films, which were linked to the number of 
growing cycles, according to the cyclic voltammetry electrochemical technique. Electrochemical 
synthesis is shown in efficient growth polymeric films when the concentrations of the reagents 
are equilibrated, e.g., the concentration for electropolymerization of the P3DDT occurs homoge‐
neously with 0.050 mol L‐1 monomer and 0.100 mol L‐1 of LiClO4. Furthermore, it is possible to 
measure the energy gap Eg for organic semiconductor directly from the cyclic voltammogram.

Through the UV‐Vis results, it is possible to conclude that the electrolytes reacted differently 
in this material, shifting the spectrum to other regions of absorption as occurs to electrolyte 
change. PL results showed the existence of several contributions in each spectrum, in which 
the highest intensity contributions, quinone and pristine are the result of two structures that 
the polymer chains can take through the interactions between each electrolyte/polymer. These 
contributions are able to shift the maximum emission in each spectrum when the film thickness 
increases, and more effectively for the films containing Et4NBF4. There are also contributions 
resulting from the oligomers emission and the electron‐phonon interactions. The EE demon‐
strated energy transfer processes by the Förster mechanism, where the emission polarization 
is observed and this has gradually changed with increasing emission wavelength. However, 
it is an isotropic material when obtained for CV, shown by the anisotropy factor, r. These 

Figure 7. Polarization degree P, anisotropy factor r and dissymmetry factor g obtained from the Stokes parameters for 
the (a) EtNBF10 film and (b) LiClO10 film.
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analyses show that the Förster energy transfer process occurs in this material and is responsible 
for the emission throughout the spectral window. Furthermore, more accentuated emissions 
polarization can be related to the oligomer emission.

Results show that the P3ATs deposited electrochemically has great potential for application in 
optoelectronic organic devices since P3ATs optical properties can be easily adjusted by con‐
trolling the deposition. In addition, results also showed the great light absorption capacity and 
a broad spectral window for the P3DDT emission. Moreover, it is also observed the  presence 
of electron‐phonon combination, which can contribute to the occurrence of energy transfer or 
charge transfer significantly, enhancing the use of P3DDT in optoelectronic devices, which 
makes this promising material to form the active layer of  multiple devices, such as organic 
light emitting diodes (OLEDs), photovoltaics, photodetectors and mobile devices screens 
(displays), among others.
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Abstract

The magnetic properties of hausmannite thin films are investigated in this chapter. The
Verdet constant and angle of Faraday rotation are determined. The magnetic anisotropy
of Mn3O4 is explained by the measurement of the zero-field cooled (ZFC) and field
cooled (FC) curves. This experiment is connected with the presentation of the ferromag-
netic to superparamagnetic transition of the hausmannite.

Keywords: hausmannite Mn3O4, Faraday effect, verdet constant, ferromagnet,
superparamagnet

1. Introduction

The hausmannite Mn3O4 can be fabricated by many methods, but the spray pyrolysis method
can give it the highest quality. This material is very interesting because it is a transition metal
oxide and has application in semiconductor devices [1]. This oxide has two valance states on
manganese—Mn2+ and Mn3+. Thus, spinel Mn3O4 occurs in nature as the mineral hausmannite
[Mn2+Mn2

3+O4]. The Mn2+ cations occupy the tetrahedral sites and Mn3+cations occupy the
octahedral sites [2]. The nanoparticles of Mn3O4 thin film behave as single-domain ferromag-
nets. However, above the blocking temperature, the particles behave as paramagnets due to
the dominance of thermal fluctuations over the magnetocrystalline anisotropy energy. These
nanoparticles have much higher magnetic moments than other paramagnets and are called
superparamagnet.

The detailed investigation of magnetic properties of hausmannite thin film is presented in this
chapter.
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2. Method of preparation and characterization techniques

Several techniques have been used to prepare thin films of these types of transparent and
conductive materials to meet the requirements of search and industries such as MOCVD
(organometallic chemical vapor deposition) [3], chemical vapor transport (CVT) [4], sputtering
[5] and laser ablation [6, 7], which are generally either sophisticated or expensive and hence the
need for a simple, easy to meter out and less expensive technique. In addition to these
techniques, spray pyrolysis [8–11] has received a little bit of extra attention because of its
simplicity and cost-effectiveness as it does not require sophisticated vacuum apparatus. Fur-
thermore, this method can be selected for film production of large area with size grain control-
lable by controlling the doping concentration. Also, this technique leads to a large production
area and it permits also the formation of thin films with possible control of oxygen vacancy by
means of the use of both appropriate precursors and postannealing treatments in air [12–15].

Thin films of Mn3O4 were grown at 350°C on 1 × 2 cm2 glass substrate using the spray
pyrolysis technique. The substrate temperature was fixed using a digital temperature control-
ler with a k-type thermocouple. The aqueous solution with a flow of about 4 ml/min contains
magnesium chloride (MnCl2.6H2O) 0.1 M as precursor. The distance between the nozzle and
the substrate was about 27 cm. Spray solutions quantity (75 ml) was kept fixed during the
growth. The filtered compressed nitrogen air was used as gas carrier at a flow of 4 l/min. The
total deposition time was maintained at 20 min. After deposition, the coated substrates were
allowed to cool down naturally to room temperature (Figure 1).

The crystalline structure was analyzed by X-ray diffraction, using a Siemens D500 diffractom-
eter with monochromatic CuKα radiation (λ = 1.54 Å) [16]. The surface morphology of the
Mn3O4 thin film is further analyzed using atomic force microscope (AFM) using a Veeco digital

Figure 1. The experimental set up for the spray pyrolysis technique.
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instrument 3 A microscope. The sample was probed in a tapping mode with a nanometer
scale.

3. Magnetic study

The magneto-optic Faraday effect presents the connection between optics, magnetism and
atomic physics. Faraday rotation manifests itself as a rotation of the polarization plane of the
light passing through the sample in the presence of a magnetic field and is characterized by the
Verdet constant (V) of the investigated sample (Figure 2). The rotation angle ϕ can be
expressed by the formula [17]:

ϕðλÞ ¼ A=ðλ2−λ0
2Þ, (1)

where A is a constant determined from the matrix elements of the interband transitions, λ is the
wavelength and λ0 is the wavelength related to the interband transitions and corresponding to
the natural frequency ω0 = 2π/λ0 of an effective harmonic oscillator. The relationship between
the rotation angle and the Verdet constant is ϕ = VBl, where B is the magnetic induction of the
field and l is the sample thickness (Figure 3). The magneto-optic anomaly factor γ (Figure 4)
can be taken as a measure of the degree of covalency that exists in the bonds connecting the
ions and atoms [18]:

γ ¼ ϕ
e

2mc2 λD
(2)

In the paramagnetic materials, the anomaly factors γ can vary with the wavelength of the
incident light, even if there is only one absorption frequency contributing to dispersion. The
dispersivity of the investigated crystal can be presented by the following equation:

Figure 2. The Verdet constant for Mn3O4 in the spectral region 500–2500 nm.
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D ¼ −
γ
c
d2n
dλ2 : (3)

γ ¼ −
VBl
eλ2

2mc2
d2n
dλ2

: (4)

The spectral dependence of the spin-spin exchange interaction constant K in the case of Mn3O4

thin film is presented in Figure 5. It can be calculated by the following formula [19]:

KðλÞ ¼
V λ

λg

� �2
−1

� �� �3=2

χλ , (5)

where V is the Verdet constant, χ is the magnetic susceptibility of the sample (Figure 6) and
λg represents the band gap of the material. For the investigated vanadium doped crystal

Figure 3. The Faraday rotation angle as a function of the wave length (500–2500 nm) for Mn3O4 thin film.

Figure 4. The magneto-optic anomaly factor γ for hausmannite in the spectral region 500–2500 nm.
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λg = 556 nm [16]. When the spin-spin exchange interaction constant has negative values, the
spins align antiparallel to each other so that the net magnetization is zero. Therefore, the
material is antiferromagnet and it is modeled to be made up of two sublattices [20].

The exchange interaction energy leads to the alignment of neighboring atomic moments and
this forms magnetic domains. The magnetostatic interaction energy tries to break them into
smaller domains oriented antiparallel to each other. The domain size depends on the relative
counterbalance between both energies. The system is composed of a single domain, when the
magnetostatic energy does not allow the breaking of domains into smaller parts. This condi-
tion is connected with the critical value rc of the radius of a spherical particle. If the rotation of
the atomic magnetic moments is coherent (the structure is a single-domain one), then the

particle can be characterized by its total magnetic supermoment jμ!pj ¼ MSV, where V is the

particle volume and MS is saturation magnetization. The ferromagnetism and super paramag-
netism are observed, respectively, below and above the blocking temperature TB. Its origin is

Figure 5. The constant of spin-spin exchange interaction K(λ) for Mn2+ (a) and Mn3+ (b) in Mn3O4 thin film (500–2500 nm).

Figure 6. The dependence χ(H) = dM/dH for Mn3O4 in the magnetic field from −20,000 to 20,000 Oe.

Magnetic Properties of Hausmannite Thin Films
http://dx.doi.org/10.5772/66533

125



connected with magnetic anisotropy within particles. This anisotropy tends to orientate the
particle supermoment along some preferential direction.

The spin-orbit coupling and dipolar interaction dictate preferential orientation directions of the
magnetic moments because of the finite size of the particles. The magnetic anisotropy energy EA of
the particles can be described by a simple model. This model includes two main contributions:
crystalline and shape, which are connected with the core and surface atoms, respectively. When the
particles are spherical and the anisotropy is uniaxial crystalline, the considered situation is the

simplest [21]. If the magnetic anisotropy is proportional to the particle volume, then K
!
eff ¼ KVn̂,

where K is the effective uniaxial anisotropy constant (per unit volume) and n̂ is the unitary vector
describing the easy-magnetization anisotropy. The energy term for the i particle can be written as:

EðiÞ
A ¼ −KiVi

μ!i � n̂i

jμ!ij

 !2

¼ −KiVicos2θ, (6)

where θi is the angle between the magnetic supermoment of the particle and the easy anisot-
ropy axis (Figure 7). The moment of the particle has therefore two preferred orientations,
energetically equivalent, along the easy-magnetization anisotropy axis direction. Both direc-
tions are separated by an energy barrier EB of height KiVi.

If the particles are magneto anisotropic, the calculation of equilibrium magnetization is com-
plicated. The special role for nanoparticles having superficial anisotropy is the violation of
local symmetry surroundings and crystal field change that acts on the magnetic ions from the
surface. The simplest type of magnetic anisotropy is the easy anisotropy axis.

When external magnetic field is applied over the nanoparticles, it tries to orientate their
magnetic moments in the direction of its action. Therefore, if the magnetic field is applied
perpendicular of anisotropy axis and the orientation of magnetic moment of the particle is
labeled with i, the next equation is fulfilled:

Figure 7. Schematic drawing of the ideal simplest model of noninteracting and parallel aligned easy axes along the
applied field.
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Ei ¼ EðiÞ
A þ EðiÞ

Z ¼ −KiVi
μ!in̂i

jμ!ij

 !2

−μ!i:H
!
, (7)

where EA and EZ are Zeeman energies.

The influence of external magnetic field in the orientation of magnetic supermoments is known
as Stoner-Wohlfart model [22]. They assume that the coherent rotation of atomic magnetic
moments exists and the magnetic field is applied at a certain angle θ0 with respect to the easy
anisotropy axis. When the temperature effects are ignored the problem can be solved with
minimal number of energetic arguments. The situation is very interesting, when we can
describe the change of magnetic moments in dependence of anisotropic energy barrier and
the temperature TB. This is the reason for the study of a simple case when the field is applied
parallel to the easy anisotropy axis. It should also be noted that the particles are identical and
do not interact with each other. The application of the field leads only to their arrangement in
the direction of the easy anisotropy axis. Thus, the following equation can be written (Figure 8):

E ¼ −KVcos2θ−MSVHcosθ (8)

when H < 2K=MS, Eq. (8) gives two local minima (the directions of easy magnetization) at θ = 0,
π with values Emin ¼ −KV �MSVH (Figure 9) and one maximum (the direction of hard magne-

tization) at θ ¼ arccosðHMS=2KÞ, with value Emax ¼ KVðHMS=2KÞ2. The direction of hard mag-
netization is perpendicular of the anisotropy axis in the case, whenH = 0. The value θ = 0 is valid,
when the moment of particles is oriented parallel to the magnetic field (↑↑). The equation θ = π is
fulfilled when the orientation of the moment of the particles is antiparallel to the magnetic field
(↑↓). The difference between the shapes of the energywells is connected with the different energy
barriers. These barriers depend on the orientation of the moments of particles to the applied field
which can be written as E↑↓

B and E↑↑
B for the cases of antiparallelism and parallelism, respectively.

Figure 8. The dependence of anisotropic energy barrier from the external magnetic field (a) and the angle between the
applied field and easy anisotropy axis (b).
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The anisotropy field of the particles is introduced as HA ¼ 2K=MS. The energy barriers can be

calculated as the difference between the minimal and maximal energies: E↑↓
B ¼ KV

H2
A
ðH−HAÞ2 and

E↑↑
B ¼ KV

H2
A
ðH þHAÞ2 (Figure 10). The difference between the heights of energy barriers also

shows a change in the characteristic time for relaxation of the particles, since it depends on the
relative orientation of the magnetic dipoles to the field: antiparallel oriented particles have
smaller energy barrier in comparison with the particles which are oriented along the easy
anisotropy axis. They have also small heat energy sufficient to overcome the barrier. The parallel
oriented particles are limited by deeper anisotropy well and the jump of their magnetic moments
requires higher heat energy. When the particle has to rotate its magnetic moment, the energy of
jump beyond the energy barrier is EB ≈ KV. The characteristic time of heat fluctuations of the
magnetic moments can be presented by the formula [23]:

τ ¼ τ0expðEB=kBTÞ, (9)

where EB=kBT ≥ 1.

Figure 9. The local minimal energy � Emin(H) in the directions of easy magnetization for the hausmannite Mn3O4.

Figure 10. The dependence of the energy barriers EB of: applied magnetic field and angle θ in the case of antiparallelism.
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The multiplier τ0 depends on many parameters such as temperature, gyromagnetic ratio,
saturation magnetization, anisotropy constant and the size of the energy barrier. It is of the
order of 10−9 – 10−13 s [24]. The formula (9) determines the characteristic time of establishing
heat equilibrium in the system of noninteracting single-domain magnetic particles. At high
temperatures, the following inequality is fulfilled: EB=kBT≪1. Therefore, the time of transition
of the system in the state with minimal energy is small in comparison with the characteristic
time of measurement τm. In this case, the system should not appear magnetic hysteresis. When
EB=kBT≫1, the time of transition of a system in the equilibrium state depends on the size of the
particles. If τm > τ, the system is in the super paramagnetic state and it quickly reaches
equilibrium magnetization, when the temperature or the external field change. In the opposite
case, when the external magnetic field changes, the system does not fail to relax in the new
equilibrium state for the time τm and its magnetization does not change. The case when τm = τ
is connected with the blocking temperature:

TB ¼ KV
25kB

: (10)

Formula (10) presents the temperature TB, when the magnetic field is zero. This temperature
decreases with the increasing of the external magnetic field by the law:

TBðHÞ ¼ TBð0Þ 1−
H
Hc

� �k

, (11)

where k = 2 for small fields and k = 2/3 for big fields and Hc ¼ 2k
MS
.

The magnetization curve increasing to reaching saturation magnetization is measured in the
study of the magnetic properties of the hausmannite Mn3O4 which containing nano-objects. To
determine the temperature dependence of the magnetic moment Mare carried out two types of
measurements—cooling in zero magnetic field (zero-field-cooling, ZFC) and cooling in a
nonzero field (field-cooling, FC). The sample is cooled (to liquid helium temperature) during
the method of ZFC in the absence of a magnetic field and then a small field (2–5 kOe) is
included. The temperature values begin slowly to increase and the magnetic moment (MZFC)
values can be registered. The technique FC differs from ZFC only by the fact that a sample is
cooled in a nonzero magnetic field. The curves MZFC(T) and MFC(T) for the magnetic nano-
objects coincide at sufficiently high temperatures, but they begin to vary below a temperature
TH (irreversibility temperature). The curve MZFC(T) has a maximum at a certain temperature
Tmax and it increases monotonically down to very low temperatures (Figure 11). The depen-
dence of the magnetization from the applied field at two various temperatures is shown in
Figure 12(a) and (b). For an idealized system containing similar nanoparticles with uniaxial
anisotropy and random orientation of easy magnetization axis, the difference of the tempera-
ture dependence MZFC(T) and MFC(T) at a qualitative level follows from Eq. (8). In the case of
zero field during the cooling below the blocking temperature, the magnetic moments of the
particles are oriented along their axes of easy magnetization (θ = 0 in Eq. (8)). The total
magnetic moment of the system is zero in the beginning and in the end of the cooling process.
The magnetic moments for which θ < 90° (see Eq. (8)) it is not necessary to overcome the

Magnetic Properties of Hausmannite Thin Films
http://dx.doi.org/10.5772/66533

129



energy barrier, when the external field H is included. Therefore, they turn to a position with
minimum energy, creating a nonzero magnetization of the system. In contrast, the magnetic
moments for which the external field is included (θ > 90°) are separated from the minimum
energy of the potential barrier. They can overcome only this barrier for a very long time (see
Eq. (9)). Therefore, in the case of ZFCmeasurements (T < TB), the system is in a metastable state

with a small total magnetic moment M2
SH

3kV
, which does not depend on the temperature.

At T = TB, the system jumps into a stable superparamagnetic state with magnetic moment

MZFC ≈
M2

SVH
3kBT

(12)

When MSVH≪kBT and random orientation of the easy magnetization axes of particles, for-
mula (12) is also valid for T > TB. The sample is cooled in a nonzero magnetic field during FC

Figure 11. FC and ZFC induced magnetization as a function of temperature measured in a 2500 Oe field.

Figure 12. The magnetization M(H) of hausmannite thin film for two temperatures T = 10 K (a) and T = 35 K (b).
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measurement and the magnetization at temperatures above TB is determined by formula (12).
At T < TB, the system cannot change its magnetization during the measurement. Therefore, the
magnetic moment which is determined by the FS method for T < TB is

MZFC≈
M2

SVH
3kBT

¼ const: (13)

The curves MZFC(T) and MFC(T) are not separated at T = TB for a system consisting of a
single-domain nanoparticles with dispersion of the size, the shape, etc. Their separation
realizes at a higher temperature TH > TB, where TH is called the irreversibility point. Another
characteristic point on the curve MZFC(T) is the temperature Tmax which is often equated
with the average blocking temperature of the system <TB>. At temperatures below <TB> we
can observe the increase of MFC(T) that replaced section “saturation” and sometimes we can
observe a maximum [25]. The value of TH can be identified with the blocking temperature for
the particles with a maximum size and the temperature Tmax corresponds to a blocking
temperature for particles with minimum size. However, all of these characteristic tempera-
tures (as well as their relationship with the particle size distribution by volume) may depend
on the cooling rate and the subsequent heating of the sample. The intensity of the interaction
between the particles also influences on the characteristics temperatures. If the heating rate
of the sample is much smaller than its cooling rate, a maximum may be formed on the curve
MFC(T) at T < <TB> [26].

Note that the difference between the curves MZFC(T) and MFC(T) is not observed only in
systems of magnetic nano-objects, but also in macroscopic magnets with disorder elements
(frustration of exchange bonds, topological disorder, structural defects) and even in ordered
ferromagnets with a large magnetic anisotropy. The difficulties of theoretical research of the
magnetic hysteresis in nano-objects consist in the fact that the phenomenon is nonlinear,
nonequilibrium and nonlocal and it is caused by the existence of energy minima (due to the
magnetic anisotropy) and separated barriers which have complicated dependence of the exter-
nal magnetic field. The results of theoretical studies of simple models rarely give an acceptable
description for real magnetic nanomaterials since their microstructure do not account, in
particular, the influence of boundaries and defects on the local magnetization is not taken into
account. The ferromagnetic-to-superparamagnetic transition of the hausmannite particles in
the zero-field cooled (ZFC) and field cooled (FC) curves is presented in Figure 8.

The orientation of electron spin in the manganese ions is very interesting for study. One of the
electrons of the inner shell is responsible for the magnetism and its spin is oriented upwards. If
the conductivity electrons move in the same region, where there is the motion of “magnetic”
electrons than their spins rotate in the opposite direction. Thus, the conductivity electrons can
rotate the electron spins of the other ions. This double interaction is equivalent of the interac-
tion between two “magnetic” electrons which are oriented in one direction. This means that
the neighboring spins have to be parallel, which is a result from the action of intermediate
environment. This mechanism does not require all electrons to be oriented upwards. It is
sufficient that conductivity electrons can be slightly oriented downwards. Thus, the possibility
for the rotation of “magnetic” electrons upwards increases.
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The energy of electron spin can be presented as (Figure 13):

x ¼ jμj H þ λM
ε0c2

� �
, (14)

where μ = 2.8363*10−4 eVT −1, λ = 5700 m−1, ε0 = 8.8542*10
−12 Fm−1 and c = 8*108 m/s (Figure 13).

On the other hand, we can write that

x ¼ jmjðH þ dM=ε0c2Þ=kT, (15)

where d = 2.2971 × 10−10 m.

The magnetic moment of the electron is

jmj ¼
jμj H þ λM

ε0c2

� �

ðH þ dM=ε0c2Þ=kT ¼ 2:444110−7, (16)

where k = 8.6173 × 10−5 eVK−1:

thx ¼ th½jmjðH þ dM=ε0c2Þ=kT� (17)

The energy of interaction between two electrons is expressed by the next equation (Figure 14):

Figure 13. The energy of electron spin x as a function of the intensity of magnetic fieldH for Mn3+ ions at temperatures T =
10 K and T = 35 K.
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〈U〉 ¼ −Njμj H þ M
2ε0c2

� �
thx (18)

4. Conclusions

The magneto-optic anomaly factor γ for the hausmannite thin films decreases with the increas-
ing of the wave length. The spin-spin exchange interaction constant K decreases to λ1 = 2172
nm (for Mn2+ ions) and λ2 = 2180 nm (for Mn3+ ions) and after that it begins to increase. The
magnetic susceptibility of Mn3O4 has maximal value, when the intensity of applied magnetic

Figure 14. The average value of the energy of interaction between two electrons in Mn3+ ions as a function of the intensity
of magnetic field H: (a) T = 10 K and (b) T = 35 K.
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field is 5868 Oe. The anisotropic energy barrier decreases with the increasing of H and θ. The
energy barrier increases quadratic with the increasing ofH and θ. The energy of electron spin x
has bigger values for Mn3+ ions in the case when T = 10 K. The values of energy of interaction
between two electrons are bigger when T = 35 K.
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Abstract

Thin  films  have  a  great  impact  on  the  modern  era  of  technology.  Thin  films  are
considered as backbone for advanced applications in the various fields such as optical
devices,  environmental  applications,  telecommunications  devices,  energy  storage
devices, and so on . The crucial issue for all applications of thin films depends on their
morphology and the stability. The morphology of the thin films strongly hinges on
deposition techniques. Thin films can be deposited by the physical and chemical routes.
In  this  chapter,  we  discuss  some  advance  techniques  and  principles  of  thin-film
depositions. The vacuum thermal evaporation technique, electron beam evaporation,
pulsed-layer  deposition,  direct  current/radio  frequency  magnetron  sputtering,  and
chemical route deposition systems will be discussed in detail.

Keywords: thin films, coatings, physical deposition, sol-gel, chemical bath deposition,
chemical route

1. Introduction

Nowadays, most of the technologies are used for minimizing the materials into nano-size as
well as nano-thickness leading to the emergence of new and unique behaviors of such materials
in optical, electrical, optoelectronic, dielectric applications, and so on. Hence, a new branch of
science/materials science is called thin films or coatings. Thin film can be defined as a thin layer
of material, where the thickness is varied from several nanometers to few micrometers. Like all
materials, the structure of thin films is divided into amorphous and polycrystalline structure
depending on the preparation conditions as well as the material nature. Thin films comprise
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Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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two parts: the layer and the substrate where the films are deposited on it. Also, thin films can be
composed of different layers such as thin-film solar cells, electrochromic cells, and so on.

In order to obtain thin films with good quality, there are two common deposition techniques:
physical and chemical depositions. It can be summarized as shown in Table 1.

Physical deposition Chemical deposition

1. Evaporation techniques

a. Vacuum thermal evaporation.

b. Electron beam evaporation.

c. Laser beam evaporation.

d. Arc evaporation.

e. Molecular beam epitaxy.

f. Ion plating evaporation.

2. Sputtering techniques

a. Direct current sputtering (DC sputtering).

b. Radio frequency sputtering (RF sputtering).

1. Sol-gel technique

2. Chemical bath deposition

3. Spray pyrolysis technique

4. Plating

a. Electroplating technique.

b. Electroless deposition.

5. Chemical vapor deposition (CVD)

a. Low pressure (LPCVD)

b. Plasma enhanced (PECVD)

c. Atomic layer deposition (ALD)

Table 1. Methods of thin films deposition.

This chapter describes some common deposition techniques for thin films in detail to give some
confidential and important points of view for readers on how thin films can be formed.

2. Physical deposition techniques

2.1. Evaporation techniques

Evaporation methods are considered as the common deposition of materials in the form of
thin-layer films. The general mechanism of these methods is obtained by changing the phase
of the material from solid phase to vapor phase and converting again to solid phase on the
specific substrate. It takes place under vacuum or controlled atmospheric condition.

2.1.1. Vacuum thermal evaporation technique

Vacuum evaporation technique is the simplest technique used to prepare amorphous thin films
especially chalcogenide films such as CdSSe [1], MnS [2], Ge-Te-Ga [3], and so on. In general,
chalcogenide materials can be used for memory-switching applications [4, 5], phase-change
materials [6, 7], and solar applications [8].
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The technique of thermal evaporation is strongly dependent on two parameters: thermally
vaporized material and applying a potential difference to the substrate under medium- or
higher-vacuum level ranging from 10−5 to 10−9 mbar. The schematic diagram for thermal
evaporation is shown in Figure 1 taken from elsewhere [9].

Figure 1. Schematic of thermal evaporation system with substrate holder on a planetary rotation system and directly
above the evaporating source.

2.1.2. Electron beam evaporation

This type of evaporation is another method of physical deposition where the intensive beam
of electrons is generated from a filament and steered through both electric and magnetic fields
to hit the target and vaporize it under vacuum environment as shown in Figure 2. Thin films
prepared by electron beam evaporation are of good quality and purity [10].

Figure 2. Schematic diagram of electron beam evaporation.
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Large categories of materials can be prepared by electron beam evaporation technique [11]
such as amorphous and crystalline semiconductors [12], metals [13], oxides [14], and molecular
materials [15].

2.1.3. Laser beam evaporation (pulsed-laser deposition)

Pulsed-laser deposition (PLD) is another physical deposition technique to deposit the thin-
film-coating system [16]. During the thin-film deposition process, the laser beam is used to
ablate the material for depositing the thin films inside a vacuum chamber as shown in Figure 3.

Figure 3. Schematic of pulsed-laser deposition taken from Ref. [17].

Different kinds of laser sources are being used to ablate the target. The most common sources
are Nd-YAG laser, KrF (248 nm), and XeCl (308 nm). When the laser beam strikes the target
material, it produces the plume which could deposit on the various substrates. The created
plume may contain neural- and ground-state atoms and ionized species. In the case of metal
oxide thin films, oxygen is used to deposit the oxides of metals [18]. The thin-film quality from
the PLD depends on the various parameters such as wavelength of the laser, energy, ambient
gas pressure, pulsed duration, and the distance of the target to the substrate [19]. The ablation
process during the deposition may control and monitor by using laser-induced fluorescence
[20], laser ablation molecular isotopic spectroscopy [21], and optical emission spectroscopy
[22]. The morphology of the deposited thin films is also affected by the substrate temperature.
The coating of thin films through PLD follows three modes: Frank–-van der Merwe, Stranski–-
Krastanov, and Volmer–-Weber [23, 24]. PLD has some advantages over other physical
deposition systems because of its fast deposition time and its compatibility to oxygen and other
inert gases.

2.2. Sputtering technique

Sputtering technique is mostly used for depositing metal and oxide films by controlling the
crystalline structure and surface roughness [11, 25]. The simple form of the sputtering system
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consists of an evacuated chamber containing metallic anode and cathode [25] in order to obtain
a glow discharge in the residual gas in the chamber. Also, an applied voltage in the order of
several KeV with pressure more than 0.01 mbar is sufficient for film deposition. The sputtering
process depends on the bombardment of the ions released from the discharge to the molecules
in the cathode leading to the liberation of the molecules from the cathode with higher kinetic
energy. The atomic weight of the bombarding ions should be nearly to that of the target material
in order to maximize the momentum transfer. These molecules move in straight lines and strike
on the anode or on the substrate to form a dense thin film [25]. The diagram of the sputtering
system is shown in Figure 4.

Figure 4. Sputtering system diagram.

The process of sputtering has several advantages. High-melting point materials can be easily
formed by sputtering. The deposited films have composition similar to the composition of the
starting materials. Sputtering technique is available to use for ultrahigh vacuum applications.
The sputtering sources are compatible with reactive gases such as oxygen. Contrarily,’ thick
coatings cannot be obtained and there is a difficulty to deposit uniformly on complex shapes.

There are two common types of sputtering process: direct current (DC) and radio frequency
(RF) sputtering. The first one depends on DC power, which is generally used with electrically
conductive target materials. It is easy to control with low-cost option. The RF sputtering uses
RF power for most dielectric materials. A common example for sputtered films is aluminum
nitride films. These films were prepared by both DC- and RF-sputtering technique, and their
structure and optical properties were compared [26, 27].

3. Chemical deposition techniques

Although the production of thin films via physical methods as previously described gives good
quality and functionalizes properties, it is highly expensive and perhaps requires a large
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amount of material target. Since the need to produce good-quality thin films with low
economical cost is necessary, chemical deposition techniques are widely used globally. These
techniques are cheap producing good-quality films. Most of them do not require expensive
equipment. The chemical deposition is strongly dependent on the chemistry of solutions, pH
value, viscosity, and so on. The most common chemical deposition has been obtained via sol-
gel route, chemical bath deposition, electrodeposition, chemical vapor deposition (CVD), and
spray pyrolysis technique. This section is concerned only on sol-gel and chemical bath
deposition techniques because they can form good film quality with low equipment require-
ment.

3.1. Sol-gel technique

The sol-gel technique is broadly used for the synthesis of oxide materials [28]. Sol-gel process
is one of the famous wet-chemical methods. It works under lower-temperature processing and
gives better homogeneity for multicomponent materials. The word “‘sol”’ means the formation
of a colloidal suspension and ‘gel’ means the conversion of ‘sol’ to viscous gels or solid
materials. Two routes are used to prepare transition metal oxides (TMOs) as follows:

a. Preparing of inorganic precursors via inorganic salts in aqueous solution.

b. Preparing of metal alkoxide precursors via metal alkoxides in nonaqueous solvents.

In this section, we are concerned on the famous route “the metal alkoxide precursor solution
by an alcoholic solution.”

3.1.1. Alkoxide precursors in organic solvents

The sol-gel technique is based on the polycondensation of metal alkoxides M (OR)z in which
R represents an alkyl group (R = CH3, C2H5, …) and z is the oxidation state of the metal atom
Mz+ [29]. It can be synthesized via the reaction of metal salt (chloride, acetate, nitrate, etc.) with
alcohol as follows:

( ) ( )3 3z z
CH COO M + zROH  M OR + zCH COOH® (1)

After this process, two important steps should be involved:

1. Hydrolysis: this step is aimed to form reactive M-OH groups [30]:

(2)

2. Condensation: condensation is the second step after hydrolysis leading to the departure of
a water molecule. The process of condensation can be either olation process or oxolation
process.

• Olation: a hydroxyl bridge ("ol" bridge) is formed between two metal centers as shown in
Figure 5.
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• Oxolation: oxolation is a reaction in which an oxo bridge (—O—) is created between two
metal centers. When the metal is coordinately unsaturated, oxolation with rapid kinetics
leads to edge- or face-shared polyhedral as shown in Figure 6.

Figure 5. Several types of OH bridges can be formed by olation condensation process.

Figure 6. Formation of oxo-bridging links between two metal centers.

Hence, olation process occurs mainly for lower oxidation states of cations (z < 4), whereas
oxolation is mainly observed with cations of high oxidation state (z > 4) [29, 31].

The previous description provides the preparation of the precursor solution. In order to make
thin film from the precursor solution, there are two processes for the production of the films,
that is, dip-coating and spin-coating techniques.

3.1.2. Dip-coating technique

Dip-coating technique is almost used to fabricate transparent layers of oxides on a transparent
substrate with a high degree of planarity and surface quality [32]. Other substrates are also
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possible to use. Well-defined film thicknesses up to 1 μm can be deposited. Several additive
layers can be superimposed.

Figure 7. Dip-coating process levels.

Scriven [33] described the dip-coating process in five stages: immersion, start-up, deposition,
drainage, and evaporation. Hence, the evaporation normally accompanies the start-up,
deposition, and drainage steps as shown in Figure 7.

3.1.3. Spin-coating technique

Another technique is also available for usage after the precursor solution is prepared known
as spin coating or spinning. The solution is dripped onto a spinning substrate and spreads
evenly. The spinning process is most suitable for the coating of small disks or lenses but is not
very economical. The process of spinning film can be described as shown in Figure 8.

Figure 8. Spin-coating process.
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3.2. Chemical bath deposition technique

Chemical bath deposition method is also known as solution growth technique or controlled
precipitations [34]. It is the oldest method to deposit films on a substrate. Solution growth
technique is mostly used to prepare chalcogenide films as well as metal oxide films. Also, the
deposition can be performed at lower temperatures. In the solution growth method, the
precursor solution of metal ions must be complexed by ligands. The complex solution is almost
obtained with ammonia solution, triethanol amine, ethylene-diamine-tetraacetic acid (EDTA),
citric acid, and so on. When the complexation is completed, the addition of the anions should
take place. These anions come from the thiourea, thioacetamide, thiosulfate, and sodium
Sulfide solutions [34] as sources of sulfur anions or selenourea and sodium selenosalfate for
selenium anions to deposit the chalcogenides. Substrates are put in vertical, horizontal, or
specific position inside the solution and left until the desired film thickness is obtained. The
deposition of oxide films is quite different than chalcogenides. After making the complexation
by controlling the pH value, the substrate is immersed in the solution under the desired
temperature varied in the range 60°–100 °C to deposit in most cases the metal hydroxide films.
The hydroxide film can then be transferred to oxide by the annealing process. Figure 9
represents the simple chemical bath deposition method taken from Ref. [34]. Indeed, much

Figure 9. Home-made chemical bath deposition technique.
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reviews and literature, which describes the chemical bath deposition for both chalcogenide
and oxide films, are found elsewhere [34–36].
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Abstract

This chapter describes a new deposition method proposed to achieve Vanadium Oxide 
VOx/V2O5 thin films with high temperature coefficient of resistance (TCR), intended to be 
used as functional material in IR microsensors (bolometers). The main aim of the work is 
to attain a deposition method compatible with the lift-off microstructuring technique in 
order to avoid the use of a reactive-ion etching (RIE) process step to selectively remove 
the VOx/V2O5 deposited layer in the course of the definition of the bolometer geometry, 
preventing the harmful effects linked to the spatial variability and the lack of selectivity 
of the RIE process. The proposed technique makes use of a two-stage process to produce 
the well-controlled VOx or V2O5 thin films by applying a suitable thermal annealing to 
a previously deposited layer, which was obtained before at room  temperature by RF 
magnetron sputtering and patterned by lift-off. A set of measurements has been carried 
out with thin films attained in order to check the quality and properties of the materials 
achieved with this method. The results reached with V2O5 pure phase films are consistent 
with a charge transport model based on the small polarons hopping derived from Mott’s 
model under the Schnakenberg form.

Keywords: VOx thin film, V2O5 thin film, lift-off compatible, RF magnetron sputtering, 
thermal annealing, Meyer-Neldel rule, small polaron hopping

1. Introduction

Thin films of materials with high temperature coefficient of resistance (TCR) values are widely 
used as thermoresistive transducers in uncooled infrared imaging sensors. Mixed Vanadium 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Oxide (VOx) thin films were among the first functional materials chosen for this application 
due to its simple integration with MEMS technology, which led to the development of the first 
IR image sensors based on focal plane arrays (FPAs) with thermoresistive transducers in the 
1970s–1980s [1]. The main reasons leading to the election of the VOx thin films as bolometer 
functional material were its high TCR value (for most commercial devices TCRs are in the 
range of −2 to –3%/K [2]) and its low 1/f noise. First microbolometers were achieved using poly-
crystalline VOx mixed oxide thin films, formed by a blend of VO2, V2O3, and V2O5 oxide phases, 
with a thickness of 500–1000 Å, a resistivity of 20kΩ/sq. and a TCR (measured at room temper-
ature) of −2%/K [3]. Since then, numerous works have been published presenting methods to 
improve the performance of these films and the associated devices. The best balance between 
the resistivity and the TCR reported for a commercial device was achieved using VOx thin films 
with a mixing V−O proportion equal to (x = 1.8) [4]. The TCR value of a specific material can be 
obtained experimentally by measuring the slope of the variation of the film resistivity with the 
temperature, which is described by the expression TCR = 1/R(dR/dT) [1]. But, as will be shown 
later, it can be also linked to a material parameter known as the material activation energy ΔW, 
given by TCR = −ΔW/kT2 [5], where k is the Boltzmann constant and T the temperature.

Two main methodologies able to control the mixing ratio x of the oxide phases present in the 
sample have been described in the literature for the experimental synthesis of VOx thin films. 
The first one achieves the control of the mixing proportion by using multilayers of pure phase 
materials. Among the published works based on this method, we can highlight Ref. [6] in 
which authors were able to control the mixing proportion with a sequence of successive depo-
sitions of two known phases, VO2 and V2O5, or Ref. [7] in which authors controlled this ratio 
with a multilayer of V2O5/V/V2O5. However, the most extended method in literature controls 
the film-mixing ratio by managing the oxidation rate of the material taken from a pure metallic 
precursor target (pure vanadium material, 99.9%) used for thin film growth. The deposition 
process parameters are tuned during the growth cycle to adjust the oxidation rate and, conse-
quently, the ratio of the existing oxide phases that will determine the final thin film properties.

This chapter presents a novel technique to obtain vanadium oxide thin films (VOx or V2O5) 
using different annealing conditions with starting materials previously deposited and pat-
terned at room temperature. The key objective of the method is to offer compatibility with 
the lift-off microstructuring technique in order to allow the definition of the bolometer active 
material geometry without need of a dry etching process. The bolometer functional materials 
are usually deposited on top of thin dielectric membranes (Si3N4/SiO2) required to accomplish 
an adequate thermal isolation with respect to the silicon substrate. The thickness and stress 
level of materials used in this membrane can be crucial for bolometer mechanical stability 
and a partial etch of these layers during a reactive-ion etching (RIE) step used to conform the 
active layer (due to an over-etch linked to a spatial variability or a lack of selectivity of the RIE 
process) can compromise future structure reliability. For that reason, the solution proposed 
splits the thin film formation into two stages: a first deposition of a precursor thin film on 
samples with a photoresist layer ready for the lift-off process, obtained from a VO2 or a metal-
lic V target using RF magnetron sputtering at room temperature; and a second annealing step 
at a high temperature after the photoresist removal, to promote the oxidation and obtain the 
desired oxide phase mix required for the application.
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This chapter presents a novel technique to obtain vanadium oxide thin films (VOx or V2O5) 
using different annealing conditions with starting materials previously deposited and pat-
terned at room temperature. The key objective of the method is to offer compatibility with 
the lift-off microstructuring technique in order to allow the definition of the bolometer active 
material geometry without need of a dry etching process. The bolometer functional materials 
are usually deposited on top of thin dielectric membranes (Si3N4/SiO2) required to accomplish 
an adequate thermal isolation with respect to the silicon substrate. The thickness and stress 
level of materials used in this membrane can be crucial for bolometer mechanical stability 
and a partial etch of these layers during a reactive-ion etching (RIE) step used to conform the 
active layer (due to an over-etch linked to a spatial variability or a lack of selectivity of the RIE 
process) can compromise future structure reliability. For that reason, the solution proposed 
splits the thin film formation into two stages: a first deposition of a precursor thin film on 
samples with a photoresist layer ready for the lift-off process, obtained from a VO2 or a metal-
lic V target using RF magnetron sputtering at room temperature; and a second annealing step 
at a high temperature after the photoresist removal, to promote the oxidation and obtain the 
desired oxide phase mix required for the application.
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The morphological, structural, and optical characterization of the thin films obtained with 
this method under different annealing conditions were performed using field emission scan-
ning electron microscopy (FE-SEM), X-ray diffraction (XRD), and Raman spectroscopy. The 
electrical conductivity of the samples was measured as a function of the temperature using a 
probe station attached to a heated chuck. The DC-conduction data measured for pure phase 
V2O5 thin films was fitted using the Mott’s small polaron hopping transport model, taking into 
account the Schnakenberg phonon distribution model equation. The consistency between the 
different parameters measured for the V2O5 samples processed with the optimal conditions 
and the assumptions of strong electron-phonon interaction, existence of small polarons, and 
the nonadiabatic regime for the hopping of charge carriers has been checked, suggesting that 
small polarons hopping is the main conduction mechanism in pure phase V2O5 thin films 
obtained with this method.

2. Vanadium oxides

Vanadium is a transition metal with a [Ar] 3d34s2 electron configuration for the ground state 
and a centered cubic crystal structure [8]. As a consequence of its multivalent character, it has 
a number of possible oxidation states (V+2, V+3, V+4, V+5), which form an extensive list of binary 
V−O systems. Some of them are grouped in the so-called “Magneli phases,” with stoichiomet-
ric formula VnO2n−1, and others in the Wadsley phases, with stoichiometric formula VnO2n+1.

The most commonly used phases, found in various applications due to their particular 
properties, are the VO, VO2, V2O3, and V2O5 oxide phases. Their main characteristics are the 
following:

VO is one of the many vanadium oxide phases with crystalline cubic structure and good 
electrical conductivity due to the partially filled conduction band and the delocalization of 
electrons in the 2 g orbital [9].

VO2 is an amphoteric compound with the unique property of changing from a semiconduc-
tor monoclinic phase to a (semi)metal tetragonal rutile phase at a temperature around 340 K 
and, therefore, its electrical resistivity together with the optical properties also change up to 
several orders of magnitude between these two states [10].

V2O3 phase, like VO2 compound, presents an abrupt conductivity change at a temperature 
around 160 K, evidenced of a metal-insulator transition. In addition, it presents a thermochro-
mic behavior in the infrared band [9].

V2O5 is the most stable of all vanadium oxide phases, and the preferred one to be used as 
thermoresistive material in microbolometer arrays for thermal imaging due to its high TCR 
value. Vanadium pentoxide is a semiconductor with a bandgap of 2.1–2.4 eV, which presents 
the following polymorphs: α-V2O5 (orthorhombic), β-V2O5 (monoclinic or tetragonal), and 
γ-V2O5 (orthorhombic), being the α-polymorph the most stable one [11].

There are many other V−O binary compounds with unique properties beyond the most used 
ones. A complete guide to the various V=O phases can be found in Ref. [9], including a diagram 
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that represents the different V−O oxide phases as a function of their oxygen atomic fraction, 
obtained by thermodynamic calculations.

3. Synthesis of VOx films

A number of deposition techniques can be highlighted among the different synthesis methods 
reported in the literature for the synthesis of a multiplicity of Vanadium oxide compounds: 
sputtering [12], sol-gel process [13], chemical vapor deposition (CVD) [14], pulse laser deposi-
tion (PLD) [15], atomic layer deposition (ALD) [9], molecular beam epitaxy (MBE) [16], aque-
ous solution process [17], and the reactive vacuum evaporation [6].

Nevertheless, to obtain a specific oxide phase, it is necessary to complement one of these 
deposition methods with a thermal annealing process in order to enhance the crystallinity 
of the film, as well as to modify its stoichiometry [18]. Two illustrative cases can be found 
in Refs. [19, 20], where VOx samples were subjected to a thermal annealing process in air at 
different temperatures (up to 300°C) and a film recrystallization was detected. Furthermore, 
it was observed that an increase of the substrate temperature after film deposition promotes 
the loss of oxygen atoms, which results in a modification of the VOx film stoichiometry [12].

The temperature conditions required to achieve a particular oxide phase will depend on the 
enthalpy of formation of the various vanadium oxide compounds [19]. On the basis of the 
change in the Gibbs free energy associated with each stable Vanadium oxide phase, it can 
be established that V2O5 formation requires temperatures above 434°C, and the stable oxide 
phases formation sequence will be given in the order: VO2 → V2O3 → VO → V2O5 [21].

Consequently, it has been necessary to explore the influence of the temperature and the 
annealing time conditions used in the second step of the proposed thin film growth method 
in order to establish the optimal set of parameters that lead to attain the desired vanadium 
oxide phase combination.

3.1. Preparation and synthesis of VOx films

The sputtering technique, one of the most common physical vapor deposition methods [22], 
has been the process selected for the growth of vanadium oxide thin films. The key advan-
tages of the sputtering technique over other alternative methods include the resultant film 
uniformity, the easy scalability to larger substrates, and the high deposition efficiency [23]. 
There are three main sputtering deposition modes available: DC, RF, and magnetron. The first 
reported growth of a VO2 thin film deposited with a reactive sputtering method is typically 
attributed to Fuls and collaborators, from Bell Telephone Labs in 1967 [24].

A wide range of sputtering process conditions have been reported in the literature for the 
growth of VOx thin films with different compositions. The main process parameters that can 
be customized to control the final composition of the resultant material include the selec-
tion of a starting target with a virtually pure precursor material, such as metallic-V [25], 
VO2 [12], V2O5 [11]; the choice of a specific sputtering deposition method, RF [25] or DC [26]; 
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the alteration of the substrate temperature during the deposition process [27]; the subsequent 
annealing in vacuum or in an oxidizing atmosphere with a controlled O2/N2 ratio [28]; or the 
application of a varying voltage to the substrate during the deposition [29].

In this work, the conditions explored to achieve the desired vanadium oxide thin films 
include the use of two different sputtering target materials: VO2 and metallic-V. The thin 
films obtained with the sputtering process have been patterned using the lift-off technique, 
and finally, the samples have gone through a thermal annealing step to obtain the desired film 
composition. The experimental conditions used for this final annealing step in the case of the 
metallic-V target have been investigated in order to establish the set of parameters that are 
required to obtain VOx and V2O5 thin films.

The first step in sample preparation has been the arrangement of a base substrate on which the 
different layers of vanadium oxide compounds have been deposited. The substrate used has 
been a Si wafer (100) single-side polished, with a precoating of SiO2 and Si3N4, which has acted 
as an electrical insulator and as a mechanical buffer layer for subsequent thermal annealing. The 
surface was subjected to a standard cleanroom cleaning process previously to the deposition.

In order to confirm the compatibility of the proposed growth method with the lift-off micro-
structuring technique, the vanadium oxide thin films have been deposited on top of substrates 
partially covered with a photoresist layer. The preparation of the samples starts with the depo-
sition of a layer of TI35E image reversal photoresist (MicroChemicals GmbH) on top of the Si 
substrates, which is selectively exposed using a photolithographic mask taking advantage of the 
image reversal feature of the photoresist to obtain negative sidewall profiles adequate for the lift-
off process. The photoresist has been finally removed in exposed areas using an AZ developer.

The deposition of the Vanadium oxide thin films has been accomplished by using a BOC 
Edwards auto 500 Sputtering system, which was equipped with both RF and DC sources, 
using a maximum substrate temperature of 80°C to avoid damaging the photoresist. A set 
of vanadium oxide thin film depositions has been conducted under two different conditions.

A first set of samples (labelled as type A) has been obtained from a VO2 target (brand MCSE, 
99.9% purity, 3″ diameter, and 6 mm thick) with the RF source, using a 20 sccm argon flow, 
a 200 W RF power, and 30 min of deposition time. During deposition, the partial pressure on 
the chamber was 3.31 × 10−3 mBar, and sample holder was maintained at room temperature.

A second set of samples (labelled as type B) has been obtained from a metallic-V target (brand 
Kurt J. Lesker, 99.5% purity, 3″ diameter, and 6 mm thick) with the DC source, using a 30 sccm 
argon and 10 sccm oxygen flow, a 400 W DC power, and 30 min deposition time. During 
deposition, the partial pressure on the chamber was 6.61 × 10−3 mBar, and sample holder was 
maintained at 80°C.

Sample preparation was concluded with the lift-off process, which removes the photoresist 
and the material deposited on top of it with an acetone solvent. At this point, films are ready 
to endure the thermal treatment required to modify the crystallography and stoichiometry.

Type A samples were subjected to annealing processes using different temperatures: 80, 280, 
400, and 475°C and times 8, 6, 4, and 3 h, respectively, in an air atmosphere making use of 
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an electrical oven with a temperature control. In contrast, with type B samples, it was essen-
tial to promote the additional oxidation of the metallic-V and, therefore, all samples were 
subjected to an annealing process at a higher temperature of 500°C for 30 min, making use 
of a vacuum oven with a controlled argon/oxygen environment (1 sccm oxygen and 3 sccm 
argon flow).

After the thermal annealing of the samples, the electrical contacts with the vanadium oxide 
films were obtained making use of an aluminium metallization in a subsequent process step. 
The samples resulting from this process sequence are illustrated in Figure 1.

4. Characterization of VOx films

The morphological characterization of the samples has been performed using a field emis-
sion scanning electron microscope (FE-SEM, FEI Helios Nanolab 650) with a low acceleration 
potential, 3 kV. The morphology of the VOx thin films that result from the proposed growth 
method is shown in Figure 2, with FE-SEM images corresponding to the samples A and B 
annealed at the highest temperatures, 475 and 500°C, respectively. A good film uniformity 
can be observed in both the cases as well as in an enhancement of the crystal grain size and 
shape due to the effect of the thermal annealing [30]. The measured grain sizes are between 
100 and 250 nm in both the cases, values that are similar to those reported in the literature for 
similar materials [31].

The structural characterization was performed by X-ray diffraction (XRD), using a CuKa cath-
ode = 1.5406 Å (XRD-Philips PW 1730/10) configured in a standard Bragg-Brentano powder 
diffraction geometry. The analysis of the peak coincidences for each sample was performed 
using the PDF2 database with license from the International Center for Diffraction Data 
(ICDD). The crystalline phases present in the different samples were determined after the 
identification of the peak coincidences in the XRD patterns. The most significant results have 
been obtained for samples annealed at highest temperatures, A@475 and B@500, due to the 
presence of the dominant V2O5 phase, as shown in Figure 3.

Figure 1. VOx film conformation by lift-off and metal interconnections: (a) VOx after lift-off, (b) VOx with Al metal 
connections.
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The analysis of the diffractogram corresponding to A@475 sample shows the presence of a 
practically pure V2O5 oxide phase. Peaks identified correspond to V2O5 reflection planes V2O5 
(010) = 20.25°, V2O5 (110) = 21.72°, and V2O5 (020) = 41.22°.

In contrast, the presence of a mixed oxide phase can be observed on the diffractogram 
corresponding to B@500 sample, where main peaks can be attributed to a V2O5 phase and 
secondary ones to a V6O13 phase. The reflection planes identified are V2O5 (010) = 20.25°, 
V2O5 (110) = 21.72°, V2O5 (111) = 33.27°, V2O5 (020) = 41.42°, and V6O13 (002) = 17.77°, V6O13 
(003) = 27.08°, V6O13 (005) = 45.78,° and V6O13 (006) = 55.53° for the secondary V6O13 phase.

Optical vibrational modes have been analyzed by means of Raman spectroscopy using a 
LabRAM HR Raman system (Horiba Jobin Yvon) equipped with a confocal microscope and 
a charge coupled device (CCD) detector. The 514.5 nm emission line of an Ar + laser has been 
used as an excitation source. The material databases for peak identification were included in 
the instrument. The prevailing V2O5 phase is once more clearly identified in Raman spectrums 
obtained for A@475 and B@500 samples due to the perfect matching of the spectrum peaks 

Figure 2. Microscopy Image performed by FE-SEM: (a) sample A@475°C, (b) sample B@500°C.

Figure 3. XDR peak matching analysis: (a) sample A@475°C, (b) sample B@500°C.
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with data extracted from the database. Figure 4 displays the clear correspondence between 
the measured spectrum for both the samples and the one relative to the V2O5 reference mate-
rial in the database.

The presence of two main emission peaks can be clearly spotted in the Raman spectrum 
of both samples; a first one in 141.6 cm−1, which corresponds to the V–O–V Raman vibra-
tion mode and a second one in 993 cm−1, associated with the V=O double-bond vibration 
mode [32]. In contrast, the strong emission peak observed in the Raman spectrum of A@475 
sample (Figure 4a), in 520 cm−1, cannot be assigned to any V–O vibration mode and has been 
related to the silicon crystalline substrate used as a support for the samples.

Finally, the electrical conductivity of the Vanadium oxide films has been measured as a func-
tion of the sample temperature, using a semiconductor parameter analyser Keithley 4200 CSC 
connected to a probe station and a thermal chuck equipped with an electronic temperature 
controller. Resistance measurements were performed using four collinear probes to imple-
ment a four-wire measurement scheme. A temperature swept, from room temperature up 
to 100°C, was applied to the chuck, and the actual temperature achieved by samples was 
recorded with the help of an additional thermocouple in contact with sample surface.

The measurement of the electrical conductivity as a function of the sample temperature has 
been used to establish the activation energy corresponding to the different materials by fitting 
the experimental data with Eq. (1):

   σ   (T)    =  σ  0   exp  (  -ΔW ____ κT  ) ,  (1)

where σ0 is a constant, ΔW is the activation energy, k is the Boltzmann constant expressed in 
eV/k, and T is the temperature in Kelvin. The activation energy was obtained by fitting the 
experimental data obtained for the electrical conductivity vs. temperature (log(σ) vs. 1000/T) to 

Figure 4. Raman characterization: (a) sample A@475°C, (b) sample B@500°C.
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a linear expression derived from Eq. (1) using the least squares method (Figure 5). Such linear 
fits over the experimental measurements provide activation energy values of ΔW = 0.267 eV 
for the A@475 sample, and ΔW = 0.056 eV for the B@500 sample.

These activation energy values corroborate that A@475 sample presents a single V2O5 phase, 
as it presents an activation energy similar to that reported by Ioffe [33] for the V2O5 single-
crystal material with a purity of 99%, ΔW = 0.27 eV. In contrast, the activation energy that has 
been measured for the B@500 sample is much lower due to the presence of other mixed vana-
dium oxide phases. Consequently, the TCR value will be higher for the A@475 sample than for 
the B@500 sample, but the higher value of electrical conductivity in B type samples can repre-
sent a benefit in terms of the 1/f noise. The TCR estimated for each sample from the measured 
activation energy using the formerly stated equality TCR = −ΔW/kT2 [5] is TCRA@475 = 3.44%/K 
and TCRB@500 = 0.72%/K, respectively.

5. Electrical charge transport

The different morphological and structural analysis performed with samples A@475 and 
B@500 has shown that V2O5 is the prevailing vanadium oxide phase formed in all samples due 
to the use of an annealing temperature well above 434°C, but a slightly different behavior has 
been perceived in electrical conductivity measurements. The morphological tests determine 
that A@475 sample presents an almost pure V2O5 phase, while a set of mixed vanadium oxide 
phases VOx has been obtained for all B type samples, even those that have been processed at 
the highest temperature, 500°C. Nevertheless, even for these B type samples, the clear prepon-
derance of the V2O5 phase when compared with other identified oxide phases, as can be seen 
on the Raman spectrums in Figure 4, should be noted.

The electrical behavior measured for the different vanadium oxide samples, illustrated in 
Figure 6a, shows that electrical conductivity (σ) has an Arrhenius behavior as a function of 

Figure 5. Electrical characterization of samples: (a) sample A@475°C, (b) sample B@500°C.
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temperature (T), indicating that electrical conduction in this material is the result of a ther-
mally activated process. A Meyer-Neldel rule (MNR) relationship is found to hold in a wide 
variety of such activated processes as the electron conduction in extended states, the ionic 
conduction, or the thermally activated hopping [34–36]. According to the MNR, the prefactor 
in Eq. (1) (σ0) and the activation energy (ΔW) are related by Eq. (2), where σ00 is a constant and 
ΔWMNR is the Meyer-Neldel activation energy

  log  ( σ  0  )  = log  ( σ  00  )  +   ΔW ______  ΔW  MNR     .  (2)

The activation energies for the processed samples range from 0.093 to 0.217 eV, according to 
the experimental data obtained for the electrical conductivity, measured in a temperature 
range between 25 and 100°C. As can be seen in Figure 6b, all of them obey the MNR, with a 
value of σ00 = 4.2 × 10−3 Ω−1 cm−1 and ΔWMNR = 0.9374 eV, with a goodness of fit R2 = 0.8944.

The good correspondence observed between the activation energies derived from the electri-
cal conductivity measurements carried out with the different samples and the conventional 
Meyer-Neldel rule can be attributed to a modification of the location of the Fermi energy level 
εF with respect to the conduction band εC with the different annealing conditions applied, 
similar to the behavior noted in amorphous semiconductors [37].

5.1. Electrical transport in V2O5

It is well known that the presence of the V2O5 oxide phase is responsible for the high TCR 
value observed at room temperature in mixed VOx samples. Small polaron hopping between 
localized states is the prevailing mechanism that handles the electrical charge transport in the 
V2O5 phase. Mott’s works [34, 38] established the basis for the study of this transport mecha-
nisms in transition metals [39], and the proposed models were successively used to experi-
mentally identify this behavior in both single crystal [33] and amorphous V2O5 [40] materials. 
In this section, Mott’s models are used to confirm that experimental measurements obtained 

Figure 6. Compliance of activation energy for different processing temperatures with Meyer-Neldel rule: (a) log(σ) vs. 
1000/T for samples A and B, (b) fit of ΔW to Meyer-Neldel rule.
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with sample A@475, with an almost pure V2O5 phase, are consistent with the small polaron 
hopping charge transport mechanism.

Charge transport through polarons is a well-known effect observed under conditions of 
strong electron-phonon interaction. One evident effect of strong electron-phonon interaction 
in a material is the dependence of the electrical conductivity with temperature as seen in ana-
lyzed samples. However, other less obvious effect is revealed under this condition, an increase 
in the effective mass of the electrons due to the interaction with heavy ion nuclei [41]. The 
assembly formed by the electron and its associated field deformation is known as polaron.

Polarons can be classified taking into account the size of the field deformation radius with 
respect to the lattice constant, which gives rise to large or small polarons. Charge transport 
mechanism depends on polaron size; while for large polarons, charges are moved in a unique 
band, with small polarons, the charge remains trapped on a single ion most of the time. The 
interaction between the lattice vibration and the localized electron induces charges to jump 
from one atom to a neighboring one. This process is called conduction by hopping charge car-
riers and takes place through thermal activation at high temperature [42].

Based on Mott’s model, the DC conductivity for the hopping of polarons in a nonadiabatic 
approximation, above the Debye temperature θD is given by Eq. (3) [34, 38]:

   σ =  ν  0   N  e   2   R   2    C (1 - C)  ______ κT   exp  (-2αR)  exp  (  -ΔW ____ kT  ) ,  (3)

where ν0 is the optical phonon frequency, N is the number of transition metal ion sites per unit 
volume, e is the electron charge, α is the wave function decay constant, C is the ratio of ion 
concentration (V+4 vs. V+5), R is the hopping distance, and θD is the Debye temperature given 
by θD = hν0/k, where h and k are the Plank and Boltzmann constants. Schnakenberg proposed 
a  simplified model formulation taking into account the phonon distribution [43] in which the 
dependence of the electrical conductivity with the temperature can be expressed with Eq. (4) [44],

   ln  (σT)  = ln   (σT)   0   -   
 W  D  

 ____ 2kT   -   
 W  H  

 ___ kT     
tanh  (h  υ  0   /  4kT) 

 ____________ h  υ  0   /  4kT   ,  (4)

where σ0 is a constant, WD is the activation energy for hopping due to disorder, WH is the 
polaron hopping energy, and T the temperature in K. Eq. (4) is valid for the hopping of 
polarons in the nonadiabatic approximation, above θD/2 temperature, where θD is the Debye 
temperature. Total activation energy ∆W can be derived from previous parameters using an 
expression proposed by Austin-Mott in Eq. (5) [34, 38],

    {    
ΔW =  W  H   +   

 W  D  
 ___ 2     for T >  θ  D   /  2,      

ΔW =  W  D  
  

 for T <  θ  D   /  4. 
     

 
     (5)

In order to verify the nature of the electronic transport mechanism in sample A@475, with 
an almost pure V2O5 phase, the experimental data obtained for the electrical conductivity 
was fitted by using the Mott-Schnakenberg model, as shown in our previous work [45]. 
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The fitting parameters derived by least squares for σ0, WH, WD, and hν0 have been used to 
check the condition for polaron existence and to identify the particular type of polaron that 
is responsible of charge transport. The parameters obtained from the best linear fit, with a 
95% confidence interval limits, were WH = 0.1682 ± 0.0121 eV, WD = 0.2241 ± 0.0139 eV, and 
hν0 = 0.02755 ± 0.00994 eV; with a goodness of fit R2 = 0.9827 [45]. The Debye temperature 
θD = hν0/k that corresponds to these values is θD = 319 K.

5.2. Verification of the polaron charge transport in V2O5

The values extracted for Mott’s model parameters with the fit of the electrical conductivity data 
have been used to check the consistency of the results with the several hypotheses used by 
Schnakenberg in Mott’s model simplified formulation, which involve significant assumptions 
regarding the transport mechanism. Specifically, we have certified that the strong electron-
phonon interaction condition proposed by Austin-Mott, the small polaron formation condition 
established by Emin-Holstein, the minimum mobility condition for conduction by hopping 
formulated by Cohen, and the condition proposed by Holstein to set the limit between the adi-
abatic and nonadiabatic regimes are verified for the temperature range used in measurements.

The strong electron-phonon interaction condition was verified by calculating the ratio of 
the polaron effective mass mP to the rigid-lattice effective mass m*. The higher this ratio, the 
greater the electron-phonon coupling. The ratio between these two parameters was obtained 
using Eq. (6) [34, 38],

   m  P   =  ( ℏ   2  /  2J  R   2 )  exp  (γ)  =  m   *  exp  (γ) ,  (6)

where J is the polaron bandwidth, R is the mean separation between the transition metal ions, 
and γ is the electron-phonon interaction parameter, which is given by Eq. (7) [34, 38],

   γ = 2 (  
 W  H  

 ___ h  υ  0  
  ) .  (7)

The condition of small polaron formation was verified using the expression proposed by 
Emin-Holstein in Ref. [46], an inequality that relates the polaron hopping energy WH with the 
bandwidth of the polaron J, as expressed in Eq. (8),

  J <   
 W  H  

 ___ 3   .  (8)

The bandwidth of the polaron J was estimated from the fitting parameters using the approxi-
mate expression proposed by Holstein [47], as shown in the relationship in Eq. (9),

  J ≈ 0.67 h  υ  0      (T /    θ  D  )    1 /  4  .  (9)

The type of conduction mechanisms followed by the charge carriers was established using the 
condition proposed by Holstein [47] to set the limit between the adiabatic and nonadiabatic 
regimes [34], given by Eq. (10),
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  H =   (2kT  W  H   /  π)    1 /  4    ( hυ  0   /  π)    1 /  2  .  (10)

The polaron conduction regime is determined by the inequality,

   { 
J > H

  
for adiabatic hopping,

    J < H  for non - adiabatic hopping.    (11)

Finally, for the case of the nonadiabatic regime, the mobility μ has been evaluated using 
Eq. (11) based on the model proposed by Murawsky [48],

  μ =  (  e  R   2   J   2  _____ ℏkT  )    (  π ______ 4  W  H   kT  )    
1 /  2

  exp  (-  ΔW ____ kT  )  .  (12)

Table 1 condenses the values obtained for Mott’s model parameters from the fit of the 
electrical conductivity experimental data achieved with A@475 sample [45], together with 
the values derived for other parameters using the proposed equations. It can be seen that 
for temperatures in the range used for measurements (from 25 to 100°C), these values 
are consistent with the simultaneous verification of the four implicit hypotheses used by 
Schnakenberg in Mott’s model simplified formulation and, therefore, allows us to deduce 
that the small polarons hopping is the conduction mechanism in V2O5 thin films obtained 
for A@475 samples.

As a final remark, it is noteworthy that the low value of mobility has been achieved with 
A type samples, μ = 1.5 × 10−5 cm2/Vs. Cohen condition [49] establishes that mobility μ has to be 
much lower than 10−2 cm2/Vs in the case of a hopping conduction process. This condition was 
completely met in our V2O5 thin film type A samples, with a mobility of μ = 1.5 × 10−5 cm2/Vs, 
while for V2O5, monocrystal mobility value of μ = 0.15–0.5 × 10−2 cm2/Vs [33] is the limit of 
Cohen condition.

6. Summary and conclusion

A new method for the preparation of vanadium oxide thin films has been proposed with 
the aim of providing compatibility with the lift-off microstructuring technique. The thin film 

 

Parameter Value Parameter Value

∆W 0.2670 eV J 0.0182 eV

WH 0.1682 eV γ 12.2

WD 0.2241 eV θD 319.7 K

hν0 0.0275 eV μ 1.5 × 10−5 cm2/Vs

Table 1. Mott’s model parameters obtained for V2O5 thin films [45].
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formation has been separated into two phases: a first deposition at low temperature using RF 
magnetron sputtering and an additional thermal annealing at high temperature to adjust film 
structure after patterning with the lift-off technique. Different starting materials (sputtering 
targets) and annealing conditions have been analyzed in order to obtain films with high TCR 
values for application as infrared microsensors (bolometers).

Samples were analyzed using a variety of characterization techniques comprising SEM, XRD, 
and Raman. I-V curves were measured in a probe station to establish the dependence of elec-
trical conductivity with the temperature for the different samples.

Structural and optical characterization by XRD and Raman shows that V2O5 is the predomi-
nant oxide phase identified in all samples, even if mixed phases are observed in samples 
obtained from the metallic-V target (type B samples).

The electrical characterization showed a negative exponential behavior with temperature for 
all samples, with an activation energy of 0.267 eV in the case of the pure V2O5 phase observed 
in sample A@475, which corresponds to a TCR value of 3.44%/K.

Regarding the electron transport mechanism in processed samples, it has been found that the 
electrical conductivity measurements performed with the B type VOx samples annealed at 
different temperatures found correlation with a conventional Meyer-Neldel rule, suggesting 
a thermally activated conduction mechanism.

Finally, it has been found that electrical measurements performed with type A samples, with 
a pure V2O5 phase, are consistent with the electron transport model proposed by Mott for the 
small polarons hopping. The experimental data was fitted using the Schnakenberg simplified 
formulation obtaining a polaron hopping energy WH = 0.1682 eV and an activation energy 
for hopping due to disorder WD = 0.2241 eV. The type of charge transport in type A samples 
was verified by checking the consistency of the resulting fitting parameters with the implicit 
hypothesis in Schnakenberg formulation: the conditions for the strong electron-phonon inter-
action, for the existence of small polarons, for the nonadiabatic regime of the hopping of 
charge carriers, and for the maximum mobility limit. Overall, results suggest that small polar-
ons hopping is the prevalent mechanism driving the electron transport in V2O5 thin films 
obtained with the proposed method.
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Abstract

Various applications within last  decades such as bacterially resistant  surfaces,  soft
robotics, drug delivery systems, sensors and tissue engineering are poised to feature
the  importance  of  the  ability  to  control  bio-interfacial  interactions.  An  enhanced
attention is dedicated to designing smart stimuli-responsive interfaces for DNA, drug
delivery, protein and cell based applications. Within this context, the thermoresponsive
materials,  especially  poly(N-isopropylacrylamide)  (pNIPAm) have been intensively
used in tissue engineering applications for a controlled detachment of proteins and
cells with a minimum of invasive effect on protein and cell structural conformation.
The properties of smart bio-interfaces can be controlled by its composition and polymer
architecture.  Therefore,  appropriate  methods  for  obtaining  controlled  coatings  are
necessary.  Laser  methods were successfully used in the last  decades for  obtaining
controlled  organic  and  inorganic  coatings  for  various  types  of  applications,  from
electronics  to  tissue  engineering.  Among  these,  Matrix-Assisted  Pulsed  Laser
Evaporation (MAPLE) technique bring us a step forward to other laser methods by
avoiding damage and photochemical decomposition of materials. In this chapter we
describe materials and approaches used for design of smart bio-interfaces aimed at
controlling protein and cells behavior in vitro,  focusing MAPLE method for tuning
coatings characteristics in relation with biological response.

Keywords: bio-smart interfaces, temperature responsive, laser processing, mammali-
an cells
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1. Introduction to poly(N-isopropylacrylamide) (pNIPAm) characteristics,
its thermoresponsive mechanism and its applicability in bioengineering

The design of smart bio-interfaces for a wide variety of applications is based nowadays on
stimuli-responsive surfaces. Depending on the type of bioengineering applications implying
bio-adhesion, manipulation of microorganisms or mammalian cell, bio-adsorption of proteins,
various surfaces that can respond to different stimulus (e.g., temperature, pH, light and magnetic
field) [1–3] could be obtained by tuning not only the nature of material or its characteristics and
chemistry but also the obtaining method. Among these types of smart- or stimuli-responsive
materials, thermoresponsive group of smart polymers consists of the polymers which exhibit
rapid, reversible phase transition/phase separation phenomena in response to changes in
temperature. The thermosensitive behavior is based on the reversible solubility of the smart
polymers caused by increasing temperature above a critical transition temperature (lower critical
solution temperature (LCST) or “cloud point”) [1–5].

There are several groups of thermosensitive polymers with different transition temperatures
such as poly(ethylene glycol) with a transition temperature of 100°C, poly(N-alkyl-substituted
acrylamides) and poly(N-vinylalkylamides) with a transition temperature ranging from 32 to
39°C depending on polymer molecular weight as well as other polymers such as poly (N-vinyl
piperidine) with low-transition temperature of 4–5°C.

Particularly, poly(N-isopropylacrylamide) (pNIPAm) coatings are of great promise in both
basic developmental biology studies and regenerative medicine, as thermoresponsive smart
bio-interfaces responding within the physiological temperature range [1–9]. Its chemical
formula is (C6H11NO)n, having a white solid form. Starting from 1968, from the first report
on the phase-transition temperature as a function of pNIPAm concentration, there are various
studies implying the use of reversible behavior phase transition of swelling/shrinking cycles
that can be performed by a gel at around 32°C, with no sign of material fatigue [9]. For example,
one of the first studies on the deswelling mechanism [6] demonstrated that bound water
molecules are freed at LCST (38.5°C) which lead to a collapse phenomenon, followed by
trapping water with a layer/skin. Moreover, depending on how dense the polymeric layer is,
this process could have biphasic kinetics (slow for dense-packed surfaces, fast for less dense-
packed surfaces) [6].

The abovementioned process implies a phase separation by changing the hydrophobic-
hydrophilic moieties balance of the uncharged polymer. Solubility in water is based on
the hydrogen bonding with water molecules which, however, is dependent/reduced with
temperature increase, leading eventually to separation phase. Therefore, there are two
phases formed: an aqueous phase containing practically no polymer and a polymer-enriched
phase that could be easily separated by centrifugation, decanting, or even filtration.
Moreover, the temperature of phase transitions also depends on the polymer concentration
and its molecular weight and it can be further modified by incorporating various
hydrophilic co-monomers or coupling other active compounds. For example, as phase
transition at increased temperature of thermosensitive polymers is the result of hydrophobic
interactions between polymer molecules, by increasing salt concentrations, a shift of cloud
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point to lower temperatures can be achieved. The opposite effect can be obtained by
deteriorating the hydrophobic interactions by the simple addition of organic solvents,
detergents and other active agents [7–10].

Besides modifying or adjusting the cloud point of pNIPAm with salts or surfactants,
interesting results were achieved by copolymerization with other hydrophilic or hydro-
phobic co-monomers, nanoparticles, bioactive agents such as peptides and enzymes [10–
15]. The resulted block copolymers based on the pNIPAm thermosensitive part and on
hydrophilic monomers conducted to an elevating LCST while those based on the
hydrophobic monomers lead to a decrease of the LCST. Additionally, these modifications
imply also the stimuli response, as being able to respond not only to temperature variations
but also to pH variations. For example, studies have been reported on the increase in the
LCST of pNIPAm from 32 to 38°C, as well as adding a pH response after carrying out
its copolymerization with hydrophilic methacrylic acid and PEG (polyethylene glycol).
Depending on the followed application, it is essential to control the characteristics of the
smart polymeric systems, especially for applications envisaging bioengineering area.

As previously mentioned, due to its response within the physiological temperature range,
pNIPAm coatings are of great promise not only in basic developmental biology studies but
also in drug delivery and regenerative medicine. There are several directions in which pNIPAm
in the form of coatings could be applied within these areas [16–22].

For example, by obtaining a responsive polymer surface consisting of a densely packed
monolayer of copolymer molecules onto a solid substrate, the switching of the surface
properties upon changing solvent selectivity or pH of the aqueous environment facilitated the
patterned cell seeding and coculture [18, 19]. Polymer brushes, which consist of an assembly
of polymer chains that are attached by one end to the surface, were obtained for tuning
physicochemical surface characteristics such as wettability, surface charge and morphology,
for further even more complex environments such as for fabrication and manipulation of
tissue-like architectures with multiple cell types [19, 20]. Another important direction is the
use of the smart polymer networks in the delivery of therapeutic drugs at body temperatures
as well as structures for tissue engineering [21, 22].

2. Approaches for obtaining pNIPAm surfaces

Nevertheless, nowadays, there are various approaches for obtaining pNIPAm surfaces, in
different forms such as membranes, thin films and nanoparticles. Within the context of cell
culture substrates or drug-delivery platforms, the ideal use of pNIPAm bio-interfaces is as
controlled coating. Based on the fact that the coating response toward and within the biological
medium is closely related to its structural and architectural characteristics, a variety of methods
are envisaged and developed to comply the specific requirements. However, there are cases
when some surfaces based on pNIPAm do not support cell adhesion even above the LCST,
making them unsuitable as culture substrates. That is why the choice of surface fabrication
methods is directly correlated to the ability to use the smart coating within the desired
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application. Some of the most used techniques [5, 16–33] for obtaining smart bio-interfaces
based on stimuli-responsive polymers within a large area of applications are listed below:

• Radiation cross-linking. By using this method, the polymer molecular mass is increased by
linking the polymer chains under irradiation initialization. The irradiation produces free
radicals which recombine forming the cross-links (depending on the polymer type and
radiation dose). Graft polymerization can be initiated by high-energy irradiation such as
γ-ray, swift heavy ions and electron beam (e-beam) [23].

• Atom transfer radical polymerization (ATRP) is another simple method to obtain well-
defined and high functionalized (co)polymers. It allows a good control of polymers
functionalities, topologies and compositions. pNIPAm surfaces obtained using surface-
initiated atom transfer radical polymerization (ATRP) technique show strong adhesive
properties and can be used for cell sheets for tissue engineering applications [24]. By
combining the self-assembled monolayer of initiator and atom transfer radical polymeriza-
tion (ATRP), relatively homogeneous polymer brush can be obtained [25].

• Electron-beam (e-beam) processing of polymers is also widely used for cross-linking of
polymer chains in order to improve chemical properties [26–31]. The method implies two
steps: first uniformly coating a surface with NIPAm monomer solution and irradiating it
using 0.3-MGy EB [30] and second washing the non-grafted NIPAm monomers with
deionized (DI) water. It was observed that cell adhesion depends on the grafting density of
the pNIPAm layers obtained by e-beam (cell attachment/detachment significantly decreased
for high grafting densities). Surfaces with optimized thicknesses of around 15–20 nm were
used for temperature-controlled adhesion and detachment studies implying various cell
lines. Meanwhile, it was observed that if the thickness is increase around 30 nm, grafted
pNIPAm surfaces do not support cell adhesion at any temperature anymore.

• Plasma polymerization or plasma-deposited pNIPAm coatings provide a thermoresponsive
surface that is covalently attached to a solid substrate with a good retention of the monomer
integrity [30–32]. This method is based on gradually decreasing the plasma glow discharge
for the deposition of the pNIPAm coating in the outer surface. The polymer retained its
monomeric structure, with the preservation of the phase transition. Fourier transform
infrared spectroscopy (FTIR) measurements revealed that the functional groups remained
the same after plasma discharge. Cell culture studies as well as thermal detachment of the
cell performed on pNIPAm surfaces proved successful, but no influence of the thickness of
the films on cell was observed. The atmospheric plasma treatment followed by free radical
graft copolymerization was used also for obtaining pNIPAm surfaces onto nylon. The
atmospheric plasma exhibits the activation capability to initiate graft copolymerization [30–
32].

• Other methods for the modification of large surface area with thin polymer films include
solvent casting, dip, spin, or spray coating [30, 33, 34]. These methods have been employed
to create bulk pNIPAm films which are not grafted to a substrate, but conjugated with some
bioactive agents and deposited on a solid support such as tissue culture-grade polystyrene
(TCPS) or glass.
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• Another method of producing thermoresponsive surfaces involves using UV light irradia-
tion to produce cross-linked surface layer. Moreover, this method can be used for engineer-
ing micropatterned surfaces with thermoresponsive regions. The first step involves using
photolithography followed by the solvent washing from the shadowed regions [30, 35–37].
By using this approach, cells can be selectively detached from the grafted regions providing
a good spatial control over detachment of adhered cells and therefore with high potential
in the spatial distribution of different cell types in coculture systems.

2.1. The limitation of the current approaches and laser method perspectives

Most of the methods previously described use the hydrophobic-to-hydrophilic switch to
recover cell sheets, instead of disintegration of the coating, present just in the case of solvent
casting or spin coating. Although most of the methods ensure that the coating is not harvested
with the cell sheet, keeping the cell construct free of unwanted soluble polymer after detach-
ment, there are still several disadvantages such as high cost, the lack of flexibility in controlling
the surface density, morphology or thickness of the films, adhesion onto substrate and even
the abnormal cellular activity due to physiological alteration within cell microenvironment.
Especially for applications such as cell sheets engineering or drug delivery, the efficiency of
attachment/detachment of certain cell types or drugs is varied to the thickness and density of
grafted pNIPAm. Thus, developing of simple strategy, allowing a rapid recovery of cell sheet
transfer with the cell-extracellular matrix (ECM) intact but also which would allow a controlled
release of active compounds, is desirable.

Nevertheless, laser methods proved to be viable solutions in the last decades, for processing
various and multiple material surfaces. Due to the laser unique ability for surface heating,
providing that the applied energy to be placed precisely on the needed area, laser can be used
as a unique tool for surface engineering not only in research but also in industry and medicine
[38, 39]. The distinct advantages compared to alternative methods of processing the materials
can be summarized as follows:

• Versatility, as it can be applied to a wide range of organic and inorganic materials/bioma-
terials.

• Controlled thermal penetration allowing features high-resolution characteristics, up to tens
of nanometers in size, speed, adaptability and scalability through parallel processing.

• Controlled thermal profile, shape and location of heat, therefore providing flexibility in
making topographical features defined on a wide variety of biomaterials with no affected
region in a noncontact way.

• Flexibility in the selection of parameters that can allow handling sensitive biological and
living cells without losing their activity.

The most commonly used techniques for thin films or coatings at this moment are the laser-
based methods of laser-assisted chemical vapor deposition (LCVD) and pulsed-laser deposi-
tion (PLD) [39]. LCVD is characterized by localized heating produced by a laser beam on a
substrate. This technique is traditionally used to directly deposit complex geometries of
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different materials, including metals and ceramics. PLD has been applied to a wide range of
materials such as semiconductors, metals and alloys, presenting numerous advantages: the
ability to control the thickness of the monolayer, good adhesion of film-substrate material
consumption low and low temperature substrate.

These methods, however, are not suitable for the deposition of large and sensitive molecules,
such as polymers and biomaterials as molecular bonds in the polymers can be destroyed by
the laser energy pulse. There are few exceptions, the polymer, such as Teflon (PTFE), polyme-
thylmethacrylate (PMMA), polypernaphthalene (PPN), or polyisobutylene (PIB) which were
successfully deposited as coatings by using PLD [40, 41]. However, as most of the organic
materials are damaged by the direct interaction of the laser beam, that is why, in order to avoid
damage and photochemical decomposition of materials caused by PLD method, a new
technique based on laser evaporation (matrix-assisted pulsed-laser evaporation—MAPLE)
was introduced in the end of the 1990s at the Naval Research Laboratory. It provides multiple
advantages for the area of biosensors, active multifunctional bio-coatings and multilayered
coatings where the organic and sensitive materials are required to maintain their structure and
functionality. By providing a much “softer” transfer by pulsed-laser evaporation, the degra-
dation or the thermal decomposition of the materials is avoided.

An extension of MAPLE is resonant infrared matrix-assisted pulsed-laser evaporation (RIR-
MAPLE) using free electron lasers or Er:YAG lasers, aiming to control and reduce the degra-
dation of the materials during deposition process. The advantage of RIR-MAPLE method is
based on using infrared radiation in order to excite specific molecular vibrational bond
stretches in the host material.

MAPLE technique [41–52] brings us a step forward to laser method by avoiding damage and
photochemical decomposition of materials and it is now used for obtaining different types of
thin films such as follows:

• Fibronectin thin films were transferred stable and functional onto silica substrate for studies
on human osteoprogenitor cells [49];

• Complex polymer or organic molecules (functionalized polysiloxanes and carbohydrates)
were deposited on different substrates chemical sensor applications [40, 42];

• Light proteins thin films (such as lysozyme and myoglobin) with possible applications in
drugs industry [50];

• Collagen thin films deposited on Si substrates with high structural fidelity as well as good
uniformity and surface smoothness [51];

• Biodegradable hybrid polymeric thin films without or with embedded antitumoral agents
(lactoferrin, cisplatin, or their combination with a biodegradable polycaprolactone) which
can act as a hybrid platform with increased antitumor efficiency [43, 44];

• Polymer-inorganic nano-composite films with fluorescence properties with a potential for
applications such as light emitters and chemical sensors [45];
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• Composite thin films of calcium alendronate monohydrate, octacalcium phosphate as well
as CaAl-H2O/OCP on different titanium substrates with applications in implant coatings
[46];

• Lipase enzyme for applications in enzymatic production and biosensors [47].

3. MAPLE techniques for smart pNIPAm thin-film engineering

Within the above discussed context, as most of the implied or required applications within
bioengineering field require controlled bio-coating and sterile condition, laser-based techni-
ques (i.e., matrix-assisted pulsed-laser evaporation—MAPLE) are contact-free technique and
also easy to be integrated with required sterile processes.

Moreover, by controlling laser and target parameters in MAPLE process, an overall control
over the thickness, porosity and architecture of mono- or multilayer can be easily achieved
with no limitations in the use of materials to be deposited or structured, the ability to deposit
multilayers without interlayer blending, as well as flexibility in engineering a wide range of
simple or hybrid materials (nanoparticles, polymers, ceramics and biological compounds).

Although MAPLE technique was successfully used for a variety of biomaterials, there are only
two groups that used recently the laser evaporation for engineering either simple pNIPAm
coatings for mammalian cells attachment and detachment studies [5] or a mixed antimicrobial
oligo (p-phenylene-ethynylene) (OPE)-PNIPAAm) coatings with biocidal activity, which
provides also on-demand bacteria-releasing functionality [39]. In the last example, the
multifunctional films of OPE-PNIPAAm with tailored chemical composition were deposited
on substrates by using a sequential co-deposition mode, namely resonant infrared matrix-
assisted pulsed laser evaporation (RIR-MAPLE) [39].

3.1. MAPLE system description for pNIPAm coatings deposition

The MAPLE process takes place in a vacuum chamber and it implies the use of an external
laser source (UV, excimer, IR), a solid cryogenic target and a receiving substrate. In an ideal
system for the MAPLE process, the material to be deposited (guest material) is mixed or
suspended into a solvent (host matrix), rapidly frozen in a copper holder using liquid nitrogen
and placed inside the vacuum chamber. During the deposition procedure, in order to avoid
target melting problem during laser irradiation, the copper holder has to be continuously kept
at low temperature by using a cooling system specifically designed for the transfer and
circulation of liquid nitrogen inside the deposition chamber. Another step taken in order to
avoid the melting was the rotation of the target holder, which avoids local overheating of the
target as well as drilling of the copper holder due to multiple laser pulses. The material is
ejected from the solid cryogenic target due to the laser energy absorbed into the target, followed
by the evaporation of the host matrix solvent which transport and deposit the guest material
on the substrate positioned above the target. The substrates are placed at a fixed distance of
3–4 cm from the target matrix. The background pressure (1–4 × 10−3 Pa) in the vacuum chamber
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is maintained by using a turbomolecular pump (i.e., Pfeiffer-Balzers TPU 170). A simplified
MAPLE setup is presented in Figure 1.

Figure 1. Schematic representation of MAPLE setup (a), image of the target system containing the frozen pNIPAm sol-
utions and (b) inside chamber view during the deposition process (c).

3.2. Structural and morphological characteristics of the smart bio-interfaces engineered by
laser methods

3.2.1. The structural characteristics of the pNIPAm coatings deposited by MAPLE

The characteristic vibrations of functional groups in the deposited pNIPAm thin films were
subsequently analyzed and compared with a reference, that is, those obtained by drop-cast
method by using Fourier transform infrared spectroscopy (FTIR). Fourier transform infrared
spectroscopy is a technique for nondestructive chemical analysis used for characterizing thin
films, allowing the identification of organic and inorganic chemical compounds. This techni-
que is based on the chemical properties of the different groups to have specific resonance
frequencies in the IR range of the electromagnetic spectrum (absorption bands presented/
transmission). By comparing the film spectrum subjected to the action of the laser radiation to
the spectrum of the control film, obtained by evaporation in air of a drop of solution from
which was made the target, it can be determined whether the transfer was carried out with
keeping its chemical composition.
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Figure 2. FTIR spectra for the coatings obtained with the following laser fluences: (a) 200, (b) 300, (c) 450, (d) 600 and
(e) 800 mJcm−2. A Jasco FT/IR-6300 spectrometer was used in transmission mode by accumulation of 1024 scans in the
spectral range from 400 to 4000 cm−1, with a resolution of 4 cm−1 [5]. The characteristic vibrations of functional groups
in the deposited pNIPAm thin films obtained at different laser fluences were subsequently analyzed and compared
with control thin films obtained by drop cast revealing the structural integrity of our samples.

As seen in Figure 2a–e, FTIR spectra confirmed the functionality of the polymer thin films
obtained by MAPLE. At all laser fluences used, specific bonds corresponding to secondary
amide C=O stretching of amide I bond at 1650 cm−1 and, respectively, to N–H stretching of
amide II bond at 1550 cm−1 were observed on the thin films when compared with the control
films [5]. The differences in FTIR spectral between these two bonds are correlated with the
laser fluence used during MAPLE experiments. The absorption bands, which can be observed
at 1368 and 1388cm−1, correspond to the presence of isopropyl methyl (–CH(CH3)2)) deforma-
tion bands in the thin films. It can be observed also, in the high wave-number region, the
presence of secondary amide N–H stretching around 3308 and 3437 cm−1 which are associated
to free N–H stretching [5]. Specific vibrations of CH2 and CH3 radicals in the polymeric thin
films are evidenced through the superposition of CH2-scissoring and CH3-rocking vibrations
around 1465 cm−1, as well as the symmetric- and asymmetric-stretching modes of CH3 at 2873
and 2971 cm−1, respectively and to the asymmetric-stretching vibration of CH2 at 2934 cm−1 [5].
The appearance of a sharp positioned at 3067 cm−1, especially at 600 and 800 mJ cm−2, was
observed, which corresponds to the solvent chemical composition. A possible explanation is
that the pNIPAm thin films obtained by MAPLE contain chloroform due to the fact that the
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solvent could not be totally evaporated and absorbed outside the vacuum chamber because of
the rapid transfer of the target material to the substrates. For possible biomedical applications,
the presence of the chloroform could impede the cell development/adhesion.

3.2.2. The morphologic characteristics of the MAPLE-deposited coatings

The coating characteristics in the case of MAPLE are related to wavelength, pulse duration,
repetition rate, solvent absorption, target composition and percentage (preferably under 5–
10% in mass). For example, using same number of pulses (Nd: YAG, 266 nm, 72-k pulses)
but different laser fluences, pNIPAm coating with different arrangement of pNIPAm nano-
particles within the deposited coatings were obtained: uniform and low roughness (below
20 nm) coatings obtained for fluence value of 250 mJcm−2, (Figure 3a), and highly rough
coatings obtained for fluence value of 600 mJ cm−2 (Figure 3b). The obtained features and
the film’s surface roughness were determined by atomic force microscopy (AFM) measure-
ments performed in air in noncontact mode.

Figure 3. AFM images of pNIPAm thin films morphological characteristics obtained with 250 and 600 mJcm−2. Scan-
ning of the sample was carried out with a sharp tip with a diameter of about 100 Å and a length of the order of mi-
crons, positioned at the end of a cantilever having a length of 200 µm. The device used was the type XE100 AFM Park
Systems, with maximum vertical movement of 8 µm, lateral resolution of tens of nanometers and optical resolution of
1 µm.

The surface of the samples can be tuned to exhibit special topography features on the surface
from smooth, with roughness below 25 nm, to grain-like structures or porous surfaces, with
roughness in the range of 110–150 nm [5] by changing either the fluences used or the target
composition. It was shown that the surface roughness can impact both protein adsorption and
desorption but also cell detachment process and time [5].

3.2.3. Thermoresponsive character of pNIPAm coatings obtained by MAPLE

In order to assess the behavior of the deposited materials upon hydration and heating, the step
height was observed at 37°C water and in room temperature (RT) water (Figure 4). The
decrease in temperature in water leads to an increase in coating thickness of 28 nm. The change
in step height confirmed the stimuli-responsive character of the MAPLE-deposited pNIPAm
coatings due to the change in temperature.
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Figure 4. AFM images of pNIPAm samples measured in liquid at room temperature (RT) (a) and 37°C (b). Each sample
was hydrated for ~60 min before measuring the step-height variation due to temperature change.

A change in the contact angle value from 47° (measured at 37°C) to 30° (measured at 21°C) by
applying temperature as external stimuli confirmed the thermoresponsive character of the
pNIPAm coatings (obtained with Nd:YAG laser, 266 nm, 72-k pulses, 10 Hz, 250 mJcm−2).

An explanation for the above observations could be given by the fact that in a dehydrated state,
the hydrophobic groups from the polymer surface are oriented outward to maximize hydrogen
bonding underneath the surface [53], while in the aqueous environment at room temperature,
the hydrophobic isopropyl groups appear to bend inward. In this way, the hydrogen bonding
of the polar amide groups with water is facilitated to lower surface energy. Moreover, increas-
ing temperature, there takes place a rearrangement of the surface based on tuning the intra-
molecular hydrogen bonds under the surface and freeing the bound water molecules [53].

Figure 5. Protein adsorption studies on the coatings obtained by MAPLE using fluorescein isothiocyanate (FITC)-la-
beled BSA in PBS. The total fluorescence was determined using the built-in FITC filter of the microscope, with a con-
stant exposure time, magnification and image area for all the surfaces. Duplicate images of each coating before and
after incubation with BSA were recorded using a CCD camera (ANDOR iXon DU897 E-CSO-UVB) and Olympus IX71
microscope. The total fluorescence from BSA was calculated by extracting the background fluorescence for each coat-
ing type (zero, one and two samples with roughness in the range of 7–30 nm and three and four samples with rough-
ness in the range of 110–130 nm). The left side of the image represents an example of AFM image of low roughness
surface (7–30 nm) while the right side presents an example of AFM image of pNIPAm coatings with higher roughness
(110–130 nm).
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However, both protein adsorption and cell reversible attachment are correlated to pNIPAm
density, grafting, or conformation onto a substrate [54]. In the case of pNIPAm coatings ob-
tained by MAPLE, a model protein (bovine serum albumin (BSA)) was used to probe the
changes in the interfacial properties coatings and two trends depending on roughness surfa-
ces were observed. Negligible protein adsorption at 21°C was noticed for low roughness
surfaces (samples 0–7 nm, 1–20 nm and 2 with roughness up to 30 nm) and increase of pro-
tein on denser and rougher pNIPAm coatings (samples 2–110 nm and 3 with roughness up
to 130 nm) (Figure 5).

However, the changes in the pNIPAm surface properties (roughness) affected protein adsorp-
tion, with lower protein adsorption on dense and rough coatings at 37°C and higher adsorption
on low roughness surfaces, which is in contradiction with the measurements reported on
pNIPAm obtained by other methods [54]. This discrepancy could be explained by the swelling
ratio which decreases with increasing material density, as the chains in more densely packed
coatings swell less upon full hydration. When compared to the modification of the heights of
the coatings under temperature influence (about 24 nm) to the protein dimensions (length 14
nm, height and width 4 nm), it can be assumed that the lowest density is insufficient for
exceeding primary adsorption and the proteins are able to penetrate the rough coatings and
they would adsorb to the underlying surface. Nevertheless, the thin-film irregularities or
roughnesses were shown to be important factors in influencing the mobility of adsorbed
proteins [5].

4. Cell interaction and answer to pNIPAm-based interfaces obtained by
MAPLE

Cell interaction and answer to pNIPAm substrates/surfaces are determined, besides the
chemical characteristics, also by the thickness and surface morphology. The porosity and
uniformity of the thin films as well as low roughness plays an important role in the cell
adhesion/detachment behavior. The thickness of the films has an important role in the
temperature-induced alterations of the films (changing from hydrophilic to hydrophobic
properties [5–7, 28–34]. The cell culture-based studies (phase-contrast microscopy, fluores-
cence microscopy and MTT assays) have proved a good biocompatibility and a cell behavior
correlated with the chemical composition of biomaterial substrates in the case of pNIPAm
coatings obtained by MAPLE.

4.1. Mammalian cells adhesion and morphology on pNIPAm coatings obtained by MAPLE

A first observation of the effect of pNIPAm coatings onto the behavior of L929 and human
mesenchymal stem cells (hMSC) is given in Figure 6, where cells adhesion and morphology
were analyzed by phase-contrast microscopy, showing that cells spread on the coatings
surfaces without shape alteration.
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Figure 6. The attachment and morphology of the L929 cells (a) and hMSC cells (b) on pNIPAm coatings observed after
72 h of culture (using SteREO DiscoveryV20 microscope, with PlanApo S 1.0× objective, 32.5× magnification with an
AxioCamICm1 camera attached to the microscope setup). L929 (mouse fibroblast) cells and human mesenchymal stem
cells (hMSC) were cultured in Dulbecco’s minimal essential medium (DMEM) containing 4-mM L-glutamine (Gibco)
and supplemented with 10% fatal calf serum (FBS) and 50-U/ml penicillin/streptomycin (50 mg/ml) and maintained at
37°C with 5% CO2.

Figure 7. AFM image of pNIPAm coating obtained for a fluence of 400 mJcm−2 (a) and (b) fluorescence microscopy im-
age of L929 cells stained with Hoechst (Sigma) nucleus—blue and fluorescein phalloidin (ThermoFisher) green-actin
fibers on pNIPAm samples and on controls (c).

The above observations were confirmed by the fluorescence microscopy analysis. The initial
cell attachment, spreading and morphological features of fibroblasts cells were assessed and
correlated to surface characteristics.

As fibroblasts are ubiquitous in the body and are the first to populate prostheses surface
(implants), the morphology of the cells (seeded at a density of 5000 cells/100 µl) for 24 h can
give a first information on how and if pNIPAm coating obtained by MAPLE can support cell
adherence and if the confluence on highly dense coatings is possible.

As shown by florescence images in Figure 7, L929 cells adhere and spread uniformly onto the
laser-engineered pNIPAm surfaces and start projecting long dendrites along the surface area.
These results are confirmed by scanning electron microscopy (SEM) analysis of cells cultured
onto the pNIPAm coatings for 24 h (Figure 8).
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Figure 8. SEM images of the cells seeded on pNIPAm materials for 24 h: overview on the cells distributions over large
area (a) and a close-up on the shape of the adhered L929 cells (b). For preparation of the samples for SEM analysis, the
samples were washed with PBS and fixed with 2.5% glutaraldehyde in PBS for 20 min and subjected for ethanol gradi-
ent dehydration.

Nevertheless, the spreading of the cells and adherence can be inhibited by either surface
chemistry or surface morphology [5]. The viability of the fibroblast cells after 3 days of culture
on the pNIPAM coatings was calculated showing similar proliferation rate for the coatings
obtained in the range of 200–600 mJcm−2. A cytotoxic effect and a decrease in proliferation rate
in the case of the coatings obtained for higher fluences [5] were observed.

4.2. Cell harvesting based on temperature change

A recent study by Rusen et al. [5] on the cell detachment upon temperature reduction showed
that the roughness of the thin films represents a significant parameter in tuning the detachment
time. The quantitative analysis on the fibroblast cell harvesting upon temperature reduction
showed that if cells detached from rougher films within 10–20 min, the detachment time on
smooth surfaces increased with more than 25%.

The sequence of images presenting an example of the cell detachment from a pNIPAm thin
film obtained by MAPLE is shown in Figure 9. The cells presented flat, spread, normal
morphology at the beginning of the observations (Figure 9a), when the temperature was 37°C.
However, by lowering the temperature the cells morphology started to change, becoming less
spread and rounder (Figure 9b–d). When compared with previously reported data on cell
detachment from pNIPAm coatings obtained by MAPLE [5], the detachment time is increased
due to the low roughness (20 nm) pNIPAm surfaces used in this study. Moreover, the cells
collected from pNIPAm coating obtained by MAPLE did not change their shape or viability.
This represent a strong indication that a nondestructive reversible cell detachment takes place
when using pNIPAm bio-interfaces obtained by MAPLE [5].
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Figure 9. Cell detachment sequence images at 0 min (a), 5 min (b), 10 min (c), 15 min (d), 20 min (e) from pNIPAm
coatings obtained by MAPLE at 250 mJ cm−2. (f) Fluorescence microscopy image of L929 cells grew on other pNIPAm
surfaces, indicating no damage to either the structural or functional aspects of the cells recovered from pNIPAm sam-
ples.

4.3. Multifunctional pNIPAm-based surfaces with biocidal and releasing properties
obtained by MAPLE

Based on the same principle, resonant infrared matrix-assisted pulsed-laser evaporation (RIR-
MAPLE) was used to co-deposit two components OPE/pNIPAm films with precise ratio
control [39]. The sequential co-deposition mode allows depositions of a multifunctional
coating comprising OPE and PNIPAm, used to kill bacteria and then release the accumulated
dead bacteria from the film surface [39]. If laser fluence was previously used to change surface
morphology [5], in this case, both surface morphology and wettability were adjusted by
changing the OPE/PNIPAAm volume ratio in emulsion target used in the sequential deposition
mode in RIR-MAPLE.

The biocidal activity and bacterial-releasing ability of the multifunctional films implied the use
of both Gram-negative and Gram-positive bacteria strains such as Escherichia coli K12, respec-
tively, Staphylococcus epidermidis. An inverse relationship between the biocidal activity and
capability for bacterial release based on OPE content was observed. In this way, by increasing
the quantity of OPE within the coatings, the resultant films showed increased biocidal activity
but lower bacterial release capability. By optimizing the OPE/PNIPAAm ratio, coatings with
enhanced biocidal activity against attached bacteria as well as good-removal capacity for the
debris and bacteria when rinsing the films at a temperature below the LCST [39] were observed.
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5. Conclusions and future prospects

In this chapter, the new and rapidly emerging importance of smart-coating engineering was
introduced, with focused attention on smart thermoresponsive pNIPAm interfaces obtained
by matrix-assisted laser evaporation-based method. In this chapter, the thermoresponsive-
coatings characteristics obtained by MAPLE-based method were emphasized along with some
of the deposition parameters and used for biological assays in vitro implying BSA model
proteins, mammalian cells and microorganisms.

MAPLE as technique for obtaining smart polymeric coatings with specific characteristics
envisaging biological application provides the advantage of tailoring not only the thickness of
the pNIPAm layer, which is an important parameter in the cell attachment, but also the
morphology of the deposited thin films for influencing protein and cells detachment and its
increased stability in the fluid medium. Although significant progress has been achieved in
the field of smart coatings based on stimuli-responsive materials, the materials and methods
discussed within this chapter still have limitations in practical applications that need to be
overcome in the future.

Although the majority of the previous works in this field have used insoluble pNIPAm-based
coatings, future research should be more directed toward biomimetic bio-interfaces, with
integrated analysis platforms able to address the complexity of bio-environments accordingly
to the desired application.

Considering the abovementioned advantages of the MAPLE method on tuning not only the
surface characteristics and properties but also the chemical composition and film functionality,
this approach could provide a new strategy to engineer multifunctional films for biological
studies, regenerative medicine, tissue engineering and industrial applications.
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Abstract

The control of the texture in synthetic hydroxyapatite ceramics had limited their appli‐
cation in the field of the materials for bone implantation, even more when it is used as 
a filling in cements and other formulations in orthopedic surgery. The present article 
shows preliminary results demonstrating the effectiveness of a modification of the con‐
trolled rate thermal analysis (CRTA), developed by J. Rouquerol, used for the prepara‐
tion of ceramic materials with controlled textural characteristics, during the formation 
of ceramic powders of synthetic hydroxyapatite at low temperatures. The thermal treat‐
ments of the hydroxyapatite were carried out in a device connected to a computer, to 
control temperature and pressure system, keeping the decomposition speed constant. 
Results, reported when preparing ceramic powders of hydroxyapatite at 300 and 850°C 
under controlled pressure, using synthetic hydroxyapatite with a Ca/P molar ratio equal 
to 1.64, were checked using IR spectroscopy and X‐ray diffraction, showed that the 
formed phase corresponds to that of crystalline hydroxyapatite, even at 300°C of maxi‐
mum temperature. Values of specific surface (BET) between 17 and 66 m2/g, with pore 
size in the range of 50–300 Å in both cases are obtained by N2 absorption isotherms, when 
analyzing the isotherms of nitrogen absorption.

Keywords: hydroxyapatite, formation, thermal analysis to controlled speed, specific 
surface, pore size
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Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



1. Introduction

It is known the diversity of materials in use today as bone substitutes. Among them the 
hydroxyapatite (HA) has deserved special attention because of its excellent biocompatibil‐
ity, almost the same of that of natural bone. Most of commercial HA used in clinical and 
research applications are in solid and granulated forms with pore sizes between 100 and 150 
μm. It has been demonstrated that such a range of pore dimension is appropriate to cause 
tissue growth in direct applications as bone substitutes [1–5]. HA ceramics and thin films can 
be synthesized by many methods [3, 4]. The conventional chemical precipitation method is 
the more extended method [6]. Following chemical precipitation, combination methods and 
the hydrothermal process are the next most well‐known methods of preparing HA [6–10]. 
Nevertheless, the scientific community is devoting great efforts looking for new alternative 
methods in order to obtain hydroxyapatite ceramics with improved microstructural and cor‐
rosion properties. In this way, laser‐assisted bioprinting and pulsed laser deposition tech‐
niques are very promising methods to obtain this kind of hydroxyapatite ceramics and thin 
films [11–14]. Also, alternating current electric field modified synthesis [15] and magnetron 
sputtering techniques (MST) [16, 17].

In this context, several methods of synthesis of HA with appropriately controlled textural 
characteristics as well as its use as a filler in formulations for systems in orthopedic sur‐
gery have been reported, however, the uniformity of the pore size is a problem unsolved 
up to now [18–20]. The sol‐gel synthesis of HA thin films and ceramics has attracted much 
attention because it offers a molecular‐level mixing of the calcium and phosphorus pre‐
cursors, which is capable of improving chemical homogeneity of the resulting HA to a 
significant extent, in comparison with conventional methods [18–20]. Fortunately, Vila et 
al. have obtained significant progress in recent years using the sol‐gel process [22]. In the 
context of the present work, they have obtained a bimodal porous process for nanocrystal‐
line hydroxyapatite (HA) coatings with pore sizes in the range of meso/macrometer scale 
deposited onto Ti6Al4V substrates by the sol‐gel method using nonionic surfactants as the 
porous former agent [22].

When phosphates are treated at several temperatures important changes occur in their 
properties, in particular, in their chemical contents and physicochemical characteristics, 
which permit an assessment of admixtures in the phosphates and the effects of substitution 
of the fundamental elements with others. But, on the other hand, the thermal treatment of 
the material poses a serious problem, due to difficulties to effectively control the gradients 
of pressure and temperature originated in different parts of the sample in most experi‐
ments [23–25].

The method for the thermal analysis developed by Rouquerol [26, 27], known as “control rate 
thermal analysis” (CRTA), has been tested in formulations for the control of textures in solids 
[28–30]. This method is very useful in cases of complex thermolysis usually lapses through 
superimposed, parallel or serial reactions. Thermal treatment at a controlled speed can allow 
the formation of homogeneous porosity and a homogeneous surface in its chemical composi‐
tion and distribution of defects.
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In previous studies, we have prepared organic‐inorganic hybrid sol‐gel films with nanocrys‐
talline hydroxyapatite as a filler and triethylphosphite (TEP)as a network forming agent to 
enhance the in vitro biocompatibility and corrosion protection of these coatings deposited on 
Ti6Al4V alloys [31, 32]. Now, the purpose of this new study is to apply the CRTA technique 
to crystallize synthetic HA with a controlled specific surface and homogeneous distribution 
of pores, appropriate to be used in bone implantation and other formulations for orthopedic 
surgery. These parameters may be very important in different situations. For example, when 
HA is used as a filler in cement‐based composites, the superficial specific area must be small 
because a frail material may be obtained due to the presence of microfracture centers when 
are too big. Taking into account thermogravimetric analysis results, several pressures and 
temperatures of control were tested in the preparation of ceramic powders.

2. Experimental

2.1. Preparation of hydroxyapatite

Hydroxyapatite used in this study was obtained by hydrolysis and condensation of suit‐
able precursors following a water‐based sol‐gel process in accordance with the preparation 
method of Dean Mo Liu et al. [33–35]. Triethylphosphite (TEP), C6H15O3P (Aldrich, 98%) and 
calcium nitrate tetrahydrate, Ca(NO3)2·4H2O (Aldrich) were used as precursors of phospho‐
rus and calcium, respectively.

The preparation process includes the following stages: the first stage is the hydrolysis of the 
precursor of phosphorus. TEP is mixed with ultrapure distilled water under vigorous agita‐
tion. Given the immiscibility between TEP and water, the mixture initially becomes opaque. 
However, after 24 hours of agitation the emulsion is transformed into a clear dissolution indi‐
cating that the TEP is hydrolyzed completely. In the second stage, the saline precursor of cal‐
cium is added to the medium in a stoichiometric quantity (Ca/P molar ratio = 1.64) using a 4 
M aqueous solution of nitrate of calcium. In this step, the agitation is continued for 30 min and 
then the mixture is left to stand for 24 hours at room temperature. The gelation is guaranteed 
by the evaporation of the solvent at 80°C, until a viscous liquid is obtained whose volume is 
about 40% of the initial solution.

2.2. Preparation of HA sol‐gel coatings on Ti6Al4V substrates

Ti6Al4V disks of 2 cm of diameter and 0.4 cm of thickness were polished using different sili‐
con carbide grit up to 1200 grade. The substrates were ultrasonically degreased with acetone 
for 10 min and washed with distilled water. Finally, the substrates were dried at 200°C for one 
hour in an air oven to form a titanium oxide layer. The formation of TiO2 layer might decrease 
the stress concentration and thermal expansion coefficient mismatch between the coatings 
and the titanium substrate.

These substrates were dip coated in the HA sol solution, with a dipping and withdraw speed 
of 12 cm/min. The sol‐coated substrates were then immediately transferred into an air oven 
and held at 80°C for 30 min to stabilize the deposited layer. To increase the coating thick‐
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ness, the above process was repeated three times and finally it was thermally treated under 
conventional and controlled rate thermal treatments (CRTA). Cross section SEM micrographs 
revealed that the estimated thickness of all the HA crystalline sol‐gel derived coatings was 
about 1–2 μm. Nevertheless, these thicknesses were nonuniform due to roughness of the 
Ti6Al4V substrate.

2.3. Crystallization of hydroxyapatite under conventional and controlled rate thermal 
treatment

The conventional thermal treatment was carried out in a furnace, burning the precipitate at 
various temperatures (600, 800°C) for 2 h, at a heating speed of 2°C/min. For the controlled 
rate thermal analysis (CRTA), samples of 1 g were placed in a quartz sample holder, which was 
introduced in a programmable tubular oven with Eurotherm control of ±1°C error temperature 
and connected to a vacuum group, where a Pirani for measuring pressure and a diaphragm 
with an aperture of 0.1 mm are already present. A home‐made software allows the regulation 
of the temperature and the measurement of generated pressure. This last parameter is the one 
that regulates the transformation rate. The basis of this thermal treatment is to control the tem‐
perature and the pressure system, keeping the decomposition rate constant. Figure 1 shows a 
photograph of the CRTA equipment and a simplified schematic diagram of the device.

In parallel studies a set of HA sol‐gel coatings previously deposited on Ti6Al4V substrates 
was densified at the optimal pressure and temperature, which is determined by CRTA. The 
adequate pressure was accomplished with the use of a vacuum pump connected to the muffle 
furnace.

2.4. Characterization of the powders of hydroxyapatite

The relation Ca/P was calculated starting from the percentage of Ca, determined by absorp‐
tion spectroscopy in Philips Pye Unicam SP9 at a λ = 422.7 nm and the percentage of P 
obtained by emission spectrometry in a Perkin Elmer Capture 40 at a λ = 213.6 nm. On the 
other hand, powders were characterized by infrared spectroscopy (IR) in a PHILIPS FTIR PU 
9800, using the method of pills of KBr and X‐ray diffraction (XRD), in a Philips Pye Unicam 
PW1710, by the method of powders. The thermogravimetric analysis (TGA) was carried out 

Figure 1. Equipment for controlled rate thermal treatment (CRTA).
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with 30 mg of the sample in a SHIMATZU at a speed of 10°C/min, up to 1200°C. The mor‐
phology of powders was examined by scanning electron microscopy (SEM) in a SEM Tescan 
Vega TS 5130SB. The specific surface (BET) and porosity of the material were determined in 
Coulter equipment; model Omnisorp TM 100, starting from isotherms of adsorption for N2 at 
a temperature of 77 K.

2.5. Cytotoxicity/osteoblasts adhesion

The cytocompatibility of coated samples was analyzed by indirect contact as described in ISO 
10993‐5 (ISO Standards 1999). Briefly, HA coated Ti6Al4V alloy were placed in culture plates 
and incubated in 15 ml of culture medium (DMEM, Dulbecco's Modified Eagle Medium, 
Gibco) without fetal bovine serum (FBS) for 24 hours at 37°C. The supernatant of this mixture 
is called pure extract (100%) which then subjected to dilutions of 0, 10, and 50%.

Fibroblast cells (BALB/c, 3T3, ATCC clone A31) were purchased from American Type Culture 
Collection (ATCC; MD, USA) and seeded in 24‐well plates and cultured in DMEM. 1% antibi‐
otic was added, supplemented with 10% FBS and kept in incubator at 37°C in 5% CO2 atmo‐
sphere. The culture medium was then replaced by extracts of the material to which 10% FBS 
was added and after 24 hours, the cells were counted using a Neubauer camera. The number 
of cells cultured in DMEM containing 10% FBS alone was considered the negative control 
(corresponding to 0% of the extract dilution).

The experiment was carried out six times, means and standard deviations were subjected to 
a variance analysis, considering significant differences if p < 0.05. Additionally, were seeded, 
30.000 cells of pre osteoblasts of femur of Balb/c 3T3 (FOST) in plates with Ti6Al4V coated 
samples, these were maintained in culture supplement DMEM with 10% FBS at 37°C and 
atmosphere of 5% CO2 for 24 hours. At the end of this period, the plates were moved and the 
cells were fixed in 2.5% of glutaraldehyde solution, then subjected to treatment with 0.1 M of 
cacodylate buffer solution at pH 7.3 for 24 hours.

After the cells were washed twice with buffer solution 0.1 M cacodylate, dehydrated with 
increasing concentrations of alcohol (50–100%), they were immersed in ethanol‐hexamethyld‐
isilazane absolute solution (50:50 v/v) and then in hexamethyldisilazane (100%) and dried for 
24 hours. Finally, metallization of samples with palladium‐gold allowed them to be observed 
using a scanning electron microscope (SEM).

2.6. Corrosion behavior

The corrosion behavior of the HA film/Ti6Al4V system was evaluated by applying electro‐
chemical impedance spectroscopy (EIS) [21, 31, 32]. These electrochemical measurements 
were performed using an AutoLab potentiostat/galvanostat PGSTAT30 equipped with a FRA2 
frequency response analyzer module (EcoChemie, The Netherlands). A standard three‐elec‐
trode cell was used for this purpose. The working electrode was the investigated sample with 
an area of 3.14 cm2. The reference and the counter‐electrode were a saturated calomel elec‐
trode (SCE) and a large size graphite sheet, respectively. The electrochemical cell was filled 
with Kokubo's solution. (SBF; pH = 7.4) [36, 37]. The EIS measurements were made at the open 
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circuit potential (OCP). Logarithmic frequency scans were carried out by applying sinusoi‐
dal wave perturbations of ±10 mV in amplitude, in the range of 105–10‐3Hz. Five impedance 
sampling points were registered per frequency decade. The impedance data were analyzed 
by using the ZView software, version 3.5a (Scribner Associates Inc, Southern Pines, NC, USA).

3. Results and discussion

3.1. Characterization of the powders of hydroxyapatite

The Ca/P rate was determined by chemical analyses (absorption spectroscopy for the Ca and 
emission spectrometry for the P) of the powder preparations and was 1.64. This rate is appro‐
priate to keep the apatite structure after the thermal treatment.

It has been found reports are scarce in the literature of application of controlled rate thermal 
treatment (CRTA) technique, for treatments of HA. Consequently, a thermogravimetric anal‐
ysis (TGA) of as‐prepared HA green powders (without a previous thermal treatment) was 
carried out (Figure 2) for determining the characteristic temperatures of HA decomposition. 
The TGA showed different stages in the thermolysis of HA, the first one is associated with 
the dehydration. The second one and last one are associated with dehydration‐crystallization. 
These processes have been studied by other authors [38–40]. However, practically no effort 
has been dedicated to study the influence of the experimental conditions used for the thermal 
decomposition on the morphology of the final products.

The results obtained for TGA, were verified by CRTA (Figure 3) to obtain characteristic tem‐
peratures and partial pressure for each step of crystallization of the HA. Table 1 shows the 

Figure 2. TGA of as‐prepared HA green powders.
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experimental parameters used in the different CRTA, which seeks to determine the optimal 
parameters of crystallization of HA at the lower temperature; where rc is the controlled rate, 
Tcp is the temperature of control of the pressure, pc is the pressure of control and Tm is the 
maximum temperature used to achieve such pressure control.

Analyses by IR and XRD demonstrated that both types of the sample, conventional treated 
and treated with CRTA, were pure crystalline phases of HA.

Figure 3. CRTA of as‐prepared HA green powders.

Sample rc (°C/min) Tcp (°C) pc (mbar) Tm (°C)

HA‐1 2 100 2.65 300

HA‐2 2 100 0.50 300

HA‐3 2 300 1.00 850

HA‐4 2 300 0.33 850

Table 1. Experimental conditions for the CRTA.
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In Figure 4 are shown the IR spectra typical of HA without thermal treatment (HA‐green), 
conventional thermal treatment (HA‐CTT) and after CRTA (HA‐1 to HA‐4), where the charac‐
teristic bands observed are reported for this material type, corresponding to the fundamental 
vibrations 3571.46 and 631.73 cm‐1 of the OH‐ and ν3 1092.75 and 1045.49 cm‐1, ν1 963.51 cm‐1, ν4 
602.80 and 568.08 cm‐1 of the PO4

3‐ [41].

The bands are very similar in all the IR spectra (Figure 4). The wide band from OH‐ vibra‐
tion only could be observed in the green‐HA and in HA‐CTT and was due to hydrate water 

Figure 4. FTIR spectrum characteristic of an as‐prepared HA‐green sample and HA samples after the thermal treatments.
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(3442.22 cm‐1). All bands become narrower and more symmetrical for HA‐3 and HA‐4, indi‐
cating an increase in the crystallinity of the material according to results obtained by other 
authors [42, 43].

Figure 5 shows X‐ray diffraction, where typical lines for this material appear. In all cases, the 
signs appeared in X‐ray diffraction corresponds to those reported in Chart No. 9‐432 of ASTM 
[44, 45].

By applying conventional thermal treatments, HA was typically calcined above 900°C in order 
to obtain a stoichiometric, apatitic structure. However, it is interesting to note that applying 
CRTA the degree of crystallization of HA in this study at temperatures as low as 300°C it can 
be observed in Figure 6a and 6b. The HA here obtained was composed of white tiny crystals, 
where the particles are fused together and, consequently, they are forming a cluster. This 
phenomenon might be attributed to a high surface area to volume ratio of ultrafine crys‐
tals related to thermal treatments. It should be also pointed out that the shape of HA grains 
is quite different from the biological apatite, which mostly exhibits a needle‐like structure. 
However, we expect that it may be possible to obtain a grain shape similar to biological apa‐
tite by optimizing CRTA conditions.

Results for surface measures by BET method are described in Table 2. In the table, the range of 
specific surface areas achieved after CRTA can be observed. Samples HA‐1 and HA‐2 showed 
remarkable dependence on pressure for the surface area, increasing almost to double when 

Figure 5. X‐ray diffraction pattern of as‐prepared HA green powders and HA samples obtained by applying different 
thermal treatments.
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this parameter diminishes, at equal temperature of control and final. It is standing out that 
both samples, in spite of having been treated at 100°C as the temperature of control for pres‐
sure, and at 300°C as the final temperature, crystallized in a pure phase of hydroxyapatite.

In samples HA‐3 and HA‐4, also the same behavior is also observed, that is to say, an increase 
of the surface area when diminishing the control pressure, in this case it is four times less. 

Figure 6. SEM micrographs under different magnifications of HA‐2 powders prepared using CRTA (Tm = 300°C).

Sample S (BET) (m2/g)

HA‐CTT 14.0

HA‐1 34.9

HA‐2 66.7

HA‐3 17.2

HA‐4 26.0

Table 2. Determinations of the surface area obtained by the BET method for HA‐CTT and for different CRTA experimental 
conditions.

Modern Technologies for Creating the Thin-film Systems and Coatings202



this parameter diminishes, at equal temperature of control and final. It is standing out that 
both samples, in spite of having been treated at 100°C as the temperature of control for pres‐
sure, and at 300°C as the final temperature, crystallized in a pure phase of hydroxyapatite.

In samples HA‐3 and HA‐4, also the same behavior is also observed, that is to say, an increase 
of the surface area when diminishing the control pressure, in this case it is four times less. 

Figure 6. SEM micrographs under different magnifications of HA‐2 powders prepared using CRTA (Tm = 300°C).

Sample S (BET) (m2/g)

HA‐CTT 14.0

HA‐1 34.9

HA‐2 66.7

HA‐3 17.2

HA‐4 26.0

Table 2. Determinations of the surface area obtained by the BET method for HA‐CTT and for different CRTA experimental 
conditions.

Modern Technologies for Creating the Thin-film Systems and Coatings202

Although for both samples, the surface area notably diminishes when increasing the tempera‐
ture of control and the final temperature of the process.

In summary, CRTA technology offers a better resolution and a more detailed interpretation 
of the decomposition processes of hydroxyapatite via approaching equilibrium conditions of 
decomposition through the elimination of the slow transfer of heat to the sample as a control‐
ling parameter on the process of decomposition.

3.2. Cytotoxicity and adhesion of osteoblasts

The cytotoxicity assay allows toxicological risk assessment of a material by using cell cultures. 
Taking into account that migrating substances from biomaterials interact at the cellular level 
with cell membranes, the cellular organelles (mitochondria and Liposomes), the synthesis 
of proteins and DNA, cell division and the sequence of DNA, this essay covers from the cell 

Figure 7. Relative number of cells as a function of exposure to different concentrations of extract for a Ti‐6Al‐4V alloy 
coated by sol‐gel with HA‐2 film.

Figure 8. SEM images of cells morphology cultured on Ti‐6Al‐4V sheets coated by sol‐gel with HA‐2 film.
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viability and death to more sophisticated forms that have to do with the cell functionality and 
genotoxicity.

Figure 7 shows, the percent (%) of living cells in each one of the tested extracts. The concentra‐
tion of 0 corresponds to the negative control, or cells without being subjected to any concen‐
tration of the extracts.

It can be observed that there is no significant difference (p > 0.05) in the number of living cells 
exposed to different concentrations of the extracts of cultures with alloys coated by HA sol‐
gel, with respect to the control group. This indicates that HA coatings on Ti6Al4V does not 
affect the viability of the cells evaluated, which demonstrating its cytocompatibility.

SEM (micrographs) of preosteoblast cells femur seeded in Ti6Al4V alloy coated by sol‐gel are 
shown in Figure 8. It is observed that cells were emitting cytoplasmic extensions (filopodia 
and pseudopodia) that indicate adhesion to the substrate. In addition, mitotic phases were 
observed (large cells) which suggested that the cells were divided. Apparently, all layers of 
HA indicate a good biocompatibility because the living cells of osteoblasts hold and spread 
(propagated) well over all the coating. The observed biocompatibility of HA could be due to 
roughness and surface porosity that provides sites for attachment and growth of cells.

3.3. Corrosion behavior

The corrosion protection behavior of the HA films deposited on Ti6Al4V samples was evalu‐
ated by applying electrochemical impedance spectroscopy (EIS). Figure 9 shows the Bode 
impedance spectra for the tested samples the in Kokubo's solution at variable immersion time 
(1 hour and 1, 3, 7, 15 and 30 days).

Figure 9. Bode impedance spectra representing the evolution of the impedance modulus (|Z|) in a double‐logarithmic 
scale and the phase angle in a semi‐logarithmic scale versus frequency for Ti6Al4V/HA coating systems at different 
immersion time in Kokubo's solution. Coatings: HA‐1 and HA‐2.

Modern Technologies for Creating the Thin-film Systems and Coatings204



viability and death to more sophisticated forms that have to do with the cell functionality and 
genotoxicity.

Figure 7 shows, the percent (%) of living cells in each one of the tested extracts. The concentra‐
tion of 0 corresponds to the negative control, or cells without being subjected to any concen‐
tration of the extracts.

It can be observed that there is no significant difference (p > 0.05) in the number of living cells 
exposed to different concentrations of the extracts of cultures with alloys coated by HA sol‐
gel, with respect to the control group. This indicates that HA coatings on Ti6Al4V does not 
affect the viability of the cells evaluated, which demonstrating its cytocompatibility.

SEM (micrographs) of preosteoblast cells femur seeded in Ti6Al4V alloy coated by sol‐gel are 
shown in Figure 8. It is observed that cells were emitting cytoplasmic extensions (filopodia 
and pseudopodia) that indicate adhesion to the substrate. In addition, mitotic phases were 
observed (large cells) which suggested that the cells were divided. Apparently, all layers of 
HA indicate a good biocompatibility because the living cells of osteoblasts hold and spread 
(propagated) well over all the coating. The observed biocompatibility of HA could be due to 
roughness and surface porosity that provides sites for attachment and growth of cells.

3.3. Corrosion behavior

The corrosion protection behavior of the HA films deposited on Ti6Al4V samples was evalu‐
ated by applying electrochemical impedance spectroscopy (EIS). Figure 9 shows the Bode 
impedance spectra for the tested samples the in Kokubo's solution at variable immersion time 
(1 hour and 1, 3, 7, 15 and 30 days).

Figure 9. Bode impedance spectra representing the evolution of the impedance modulus (|Z|) in a double‐logarithmic 
scale and the phase angle in a semi‐logarithmic scale versus frequency for Ti6Al4V/HA coating systems at different 
immersion time in Kokubo's solution. Coatings: HA‐1 and HA‐2.

Modern Technologies for Creating the Thin-film Systems and Coatings204

In these Bode plots, the modulus of the impedance |Z| and the phase angle are represented 
versus the frequency, the first one in double‐logarithmic scale and the second in semi‐loga‐
rithmic scale.

These impedance spectra can be ascribed to the typical behavior of porous thin films deposited 
on metal substrates with high corrosion resistance [21, 31, 32, 46, 47]. In the first approach, 
the single electrical equivalent circuit EEC1 shown in Figure 10a can be used to describe the 
electrochemical behavior of these systems. Rs is associated with the resistance of the electrolyte 
sited between the working electrode and the reference electrode. The problem is to assign a cor‐
rect physical meaning to the elements C1 and R2. Respectively, C1 could be associated with the 
coating capacitance or to the double layer capacitance at the base of the pores filled with elec‐
trolyte into the thin film. R2 could be ascribed the ionic resistance of the coating pores impreg‐
nated with electrolyte or to charge transfer of the metal/electrolyte interface at the base of the 
pores. In some cases, the electrical equivalent circuit EEC2 shown in Figure 10b could be more 
convenient to describe the impedance plots of these metal/coating systems [48, 49]. Following 
the notation of the ZView software [49], Rs is the solution resistance of the bulk electrolyte. Ccoat 
is the capacitance of the coating. In this case Ccoat is implemented as a constant phase element 
(CPE). Rcoat is the resistance of the coating and Cdl represents the double layer capacitance of the 
electrolyte/metal surface interface. This capacitance is also implemented as a CPE.

As a representative example, Figure 11 shows fit results obtained by using these two electri‐
cal equivalent circuits and complex nonlinear least‐squares (CNLS) analysis methods. Three 
types of impedance plots are given in Figure 11, i.e.; Nyquist plot (for real and imaginary 
values of IZI), Bode plot (for IZI versus applied frequency) and the other Bode plot (for the 
phase angle versus frequency). This example corresponds to the Ti6Al4V/hydroxyapatite sys‐
tem based on the HA‐1 coating after 1 hour in contact with Kokubo's solution. The fit plots 
generated by the EEC1 and EEC2 electrical equivalent circuits proposed are good. Physical 
meaning of the values of the electrical elements of the corresponding equivalent circuit and 
relative errors in % are also good. Finally, the chi‐squared values (χ2) are also very acceptable 
(9.9 ×10‐4 for EEC1 and 3.9 ×10‐4 for EEC2). It is known that low values of χ2 are related to a 
better quality of the fitting results [31, 32].

However due to the uncertainty associated with the difficult interpretation of the results gen‐
erated by these adjustments and simulations, has been more useful to follow the variations of 

Figure 10. Electrical equivalent circuits used for studying the corrosion behaviour of the Ti6Al4V/hydroxyapatite coating 
system in contact with Kokubo’s solution. One time‐constant circuit (A) and two time‐constant circuit (B).
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the impedance modulus |Z| at the lowest frequency as a function of exposure time of coat‐
ings to the Kokubo's solution. This parameter has allowed to reevaluate systematically the 
results obtained with the impedance measurement.

Table 3 shows the variations of the impedance modulus |Z| at a frequency of 10 mHz with 
the immersion time for Ti6Al4V/hydroxyapatite systems based on the coatings HA‐1 and 
HA‐2, respectively. It can observe from the evolution of the values of the parameter |Z|10mHz 
that both systems show a satisfactory stability when they are tested in a saline solution. 
Particularly attractive was the protective behavior of the HA‐1 coating whose |Z|10mHz values 
remained almost constant during the 30 days of the immersion test. However, for the system 
based on the HA‐2 coating, although very slowly the values of this parameter decrease, down 

Immersion time |Z|10mHz (ohm/cm2)

Coating HA‐1 Coating HA‐2

1 hour 6.60 × 105 7.14 × 105

1 day 6.23 105 5.74 × 105

3 days 7.31 × 105 4.10 × 105

7 days 7.00 × 105 3.26 × 105

15 days 6.07 × 105 2.97 × 105

30 days 6.54 × 105 2.88 × 105

Table 3. Variations of the impedance modulus |Z| for 10 MHz frequency with the immersion time for coatings based on 
the samples HA‐1 and HA‐2, respectively.

Figure 11. Nyquist plots (A), Bode Impedance spectra (B) and fit results obtained by applying the EEC1 and EEC2 
electrical equivalent circuits to a Ti6Al4V/hydroxyapatite system based on the HA‐1 coating after 1 hour in contact with 
Kokubo's solution.
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from 7.14 × 105 ohm/cm2 at the start to 2.88 × 105 ohm/cm2 at the end of the immersion test 
(30 days). This behavior can be ascribed to a slow loss of the protection properties of the 
coating HA‐2 due to the ingress of electrolyte in the coating pores. These results are indi‐
cating that the increase of the control pressure of the CRTA associated with the decrease in 
specific surface (BET) produces an enhancment of the corrosion protection behavior of the 
hydroxyapatite coatings. This means that a high specific surface is good for enhancing the 
adhesion of the preosteoblast cells but provokes a decrease in the corrosion protection of the 
HA coatings. It is necessary to reach a compromise to balance both properties.

4. Conclusion

In the present work, it was demonstrated the effectiveness and usefulness of the CRTA tech‐
nique, for the preparation of crystallization of powders of synthetic hydroxyapatite and thin 
films with different specific surface areas, making this technique attractive for medical pur‐
poses. The purity of the phase of the samples obtained by CRTA was proved by IR spectros‐
copy and XRD. Several temperatures of control for pressure and watchword pressures were 
tested, observing the dependence of the specific surface area to these parameters, making 
possible to obtain surface areas from 14 up to 66 m2/g. It was possible to crystallize pure 
hydroxyapatite at temperature of 100°C of control of the pressure and 300°C as maximum 
temperature. Moreover, the results of this study have also indicated that it was also pos‐
sible to cover commercial Ti6Al4V alloy with these sol‐gel‐derived hydroxyapatite thin films. 
Cytotoxicity tests and corrosion studies showed an improvement for coated surfaces com‐
pared to the base Ti6Al4V alloy. Biocompatibility expressed in terms of adhesion of living 
cells and their spread on coating was also adequate. According to the ISO 10993‐5 standard, 
the system was considered nontoxic. The cytocompatibility test shows that the sol‐gel coat‐
ing did not provoke the cell death significantly higher than the control (p > 0.05). In addition, 
the electrochemical impedance spectra confirm that these sol‐gel coatings show promising 
corrosion protection properties. It can conclude that the sol‐gel process in conjunction with 
the CRTA method can be a viable alternative for the production of crystallized synthetic 
hydroxyapatite thin films and ceramics with controlled specific surface and homogeneous 
distribution of pores, appropriate to be used in bone implantation and other formulations for 
orthopedic surgery.
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Abstract

The resent advances in radio frequency (RF)‐magnetron sputtering of hydroxyapatite 
films are reviewed and challenges posed. The principles underlying RF‐magnetron sput‐
tering used to prepare calcium phosphate‐based, mainly hydroxyapatite coatings, are 
discussed in this chapter. The fundamental characteristic of the RF‐magnetron sputtering 
is an energy input into the growing film. In order to tailor the film properties, one has to 
adjust the energy input into the substrate depending on the desired film properties. The 
effect of different deposition control parameters, such as deposition time, substrate tem‐
perature, and substrate biasing on the hydroxyapatite (HA) film properties is discussed.

Keywords: Hydroxyapatite, magnetron sputtering, corrosion resistance, cell viability

1. Introduction

It is well known that the long‐term success of the dental and orthopedic implants is deter‐
mined by a good osseointegration, which can be guaranteed by a good connection between the 
bone cell and implant. This connection is dependent on the phenomena which can take place 
immediately after insertion of the implant in human body. The first process after implantation 
is the interface between implant and the proteins, by formatting a thin layer which will act as 
a mediator of a good proliferation of the cells. Thus, protein adsorption determines the nature 
of the interface between the bone and implant, which will stimulate a fast cell growth, leading 
to a rapid osseointegration of the implant. In the past few years, it was demonstrated that the 
osseointegration of the metallic implants could be increased by coating the implant surface 
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with bioactive coatings, which proved to accelerate the bone bonding rate. It was certified by 
World Biomaterial Congress in 2008 and 2012 and 2016 that this topic is one of the major top‐
ics in biomaterials.

Various different techniques are currently available for deposition of calcium phosphate 
(CaP), in particular hydroxyapatite (HA) coating, to metallic materials, including plasma 
spraying, pulsed laser deposition, biomimetic crystallization methods, electrophoretic depo‐
sition, sol‐gel deposition, magnetron sputtering, etc. [1].

Among the listed methods, plasma spraying is the only approach which is commercially 
approved for HA coatings deposition on metal implants by the food and drug administration 
(FDA) [1]. The method is based on the formation of a condensed layer of individual particles 
deposited on a metal substrate. The particles originating from a powder material are carried 
by a gas stream and passed through electrical plasma produced by a low voltage, high cur‐
rent electrical discharge. During this process, the heated particles crystallize and agglomerate 
during film formation. The coating features are determined by the chemical and mechanical 
properties of the used powder material, by the distance between a source and a substrate, the 
current of the electric arc, the deposition rate, and the work gas composition. Plasma spray‐
ing allows to produce coatings up to 300 μm in thickness. This technique has some significant 
limitations: poor uniformity in coating thickness and adherence to substrate, low crystallin‐
ity, poor mechanical properties on tensile strength, wear resistance, hardness, toughness, and 
fatigue [2]. Furthermore, plasma spraying does not allow to produce an uniform HA coating 
on substrates with complex geometry. Meanwhile, the most important disadvantages of this 
method are considered to be the presence of impurity phases. A higher temperature (6,000–
10,000°C) is used during plasma spraying, the crystal structure of the HA powder can be easily 
destabilized and decomposition into mixture of HA, CaO, tricalcium phosphate, and tetra‐
calcium phosphate, and a considerable amount of amorphous phases is occurs [3]. Structural 
inhomogeneity can lead to differences in coating resorption [3] and a reduction in coating‐
substrate interfacial strength [4, 5]. The alternative coating approaches have been extensively 
developed and tested to overcome the weaknesses of plasma spraying, namely sol‐gel deposi‐
tion and RF‐magnetron sputtering. An overview of these three techniques is given in Table 1. 

Sol‐gel deposition is a widespread method to produce CaP coatings [6, 7]. This method is based 
on the preparation of a suspension (sol) in the dispersion phase with its subsequent transition 
into a gel and the treatment of a metal surface with the resulting colloid. Thermal treatment 
at the coating material's crystallization temperature is required as the final step. The method 
makes it possible to produce a dense CaP coating with the thickness of 0.5–30 μm. Sol‐gel depo‐
sition is a relatively inexpensive technique compared to others. The method has the potential to 
coat implant with complex shape by using simple setup [8]. Furthermore, it has the benefits of 
phase and structural uniformity [9, 10]. However, too low processing temperature leads to an 
amorphous or a nanocrystalline coating structure and requires, therefore, additional annealing 
of the coating to increase the degree of crystallinity. The major advantages of sol‐gel method 
are good mechanical properties, corrosion resistance, and adhesion strength due to their nano‐
crystalline structure [11, 12]. However, the sol‐gel deposition has disadvantages such as high 
permeability, low wear‐resistance, and difficult porosity control, which hinders its commercial 
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application [13]. Meanwhile, annealing can lead to a deterioration of the coating's adhesion. 
Furthermore, adsorbed organics within the sol‐gel process can also cause coating failure.

Despite all the advantages of the above‐described methods, their most essential limitation 
is the difficulty to control the phase and chemical composition of a CaP coating. In its turn, 
RF‐magnetron sputtering allows to control the properties of CaP films within a rather wide 
range and to form a dense, uniform coating to devices with complex configurations with high 
adhesion and with uniformity in thickness and composition [17–24].

This high flexibility makes RF‐magnetron sputtering, however, a rather complex method, 
especially for the deposition of multicomponent materials such as calcium phosphates. There 
are many process parameters that can have a direct effect on the coating's characteristics. For 
example, the coating composition can be influenced by the target composition and sputter‐
ing parameters such as gas pressure, substrate bias, and the deposition temperature. During 

Technique Thickness (μm) Advantages Disadvantages Ref.

Plasma spraying ~30–300 High deposition rate; 
sufficiently low cost; 
coatings usually have 
microrough surface 
and porosity

Poor adhesion; low 
crystallinity, poor  
mechanical properties on 
tensile strength,  
wear resistance,  
hardness, toughness  
and fatigue; high 
temperatures  
induce structural 
inhomogeneity and  
HA decomposition;  
rapid cooling produces  
cracks in coatings

[2–5]

Sol‐gel coating ~0.5–30 Inexpensive; 
low processing 
temperatures; high 
purity; fairly good 
adhesion (40 MPa); 
can coat complex 
substrates; high 
phase and structural 
uniformity

Requires high sintering 
temperatures; poor control 
of chemical and phase 
composition;  
high permeability;  
low wear‐resistance;  
difficult porosity  
control

[6–14]

RF‐magnetron 
sputtering

~0.04–3.5 Uniform coating 
thickness; dense pore‐
free coating; ability 
to coat heat‐sensitive 
substrates and with 
complex structure; 
high‐purity films; 
ability to control the 
coating structure and 
the Ca/P ratio; good 
adhesion (30 MPa)

Line‐of‐sight method;  
low deposition rate; 
expensive

[2, 3, 6–9, 15, 16]

Table 1. The advantages and disadvantages of the most applied methods for HA coating deposition.
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RF‐magnetron sputtering, the dense plasma interacts strongly with the substrate [25], which 
causes an intense ion bombardment of the growing coating. The energetic particle bombard‐
ment may determine the growth film. During the RF discharge, the positive ions are acceler‐
ated and bombard the substrate with high energies, which are dependent on the discharge 
excitation frequency. It is plausible that the plasma density is higher in front of the substrate 
opposite to the plasma torus above the erosion racetrack. Under target erosion zone, the bom‐
bardment of the substrate surface by high energetic oxygen species (O‐) occurs, which was 
confirmed by a number of authors [26–30]. These ions are generated at the target surface, 
accelerated in the cathode dark space and move with a high energy perpendicular from the 
target toward the substrate surface [31–33]. Cai et al. [34] described the effect of a local change 
in the growth rate of ZnO coating in the region of the target erosion zone which is connected 
with the sputtering of the coating with negatively charged ions. So, the Ar+ and O− bombard‐
ment is the major part of the energetic particle bombardment occurring in RF discharges. It 
plays an important role during the film deposition in RF sputtering, because the temperature 
of the substrate may increase with increasing discharge power. The properties of the RF‐mag‐
netron sputter‐deposited films are highly influenced by the bombardment of the growing film 
with species from the sputtering target and from the plasma. The latter is determined by the 
deposition parameters such as the working gas pressure and composition, target‐substrate 
distance, and substrate bias voltage. Different energetic and thermal circumstances may result 
in a different final quality and structure of the applied coating. Control of these parameters 
is essential to modify the HA coating structural properties, its composition, and mechanical 
characteristics.

This chapter reports on the influence of discharge RF‐power, substrate temperature, and spa‐
tial sample arrangement regarding the target erosion zone on the properties of the CaP films, 
its mechanical properties, and behavior in vitro.

2. Literature overview of RF‐magnetron sputtering of CaP coating and its 
comparison with chemical method

2.1. Principles of RF‐magnetron sputtering

A magnetron sputtering system is a technological equipment which allows depositing thin 
films by sputtering of a target material in a magnetron discharge plasma. This type of sys‐
tem is based on the formation of electric and magnetic fields perpendicular to each other 
in the near‐cathode region. By supplying a voltage between the cathode and the anode, a 
glow discharge is ignited. When the voltage is applied, the free electrons are repelled from 
the cathode or target and collide with the atoms of the working gas, creating ions, and new 
electrons. The positive ions are accelerated toward the target. The collision of the positive, 
energetic ions with the target leads to its sputtering. Particles removed from the target surface 
are transported to the substrate and the chamber walls. Not only atoms but also emission of 
electrons occurs due to the interaction of the ion flux with the target surface. The amount of 
emitted electrons to each approaching ion is known as the secondary electron emission yield 
and depends on the properties of the target material, the energy, and the type of bombard‐
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ing particles. Secondary electrons are necessary for the ionization of the working gas and the 
maintenance of the discharge.

The magnetic field holds electrons in immediate proximity to the target in a so‐called electron 
“trap” that is created by the intersecting electric and magnetic fields. The electrons oscillate 
in this trap until several ionizing collisions with atoms of the working gas occur. The plasma 
is localized above the target surface, due to the presence of the magnetic field. Hence, the 
target surface is sputtered in areas located between the magnets of the magnetic system. As 
a result, an erosion zone (racetrack) is created in the form of a closed‐loop path with a shape 
determined by the magnetic system.

The RF plasma is conducted by electron ionization, which exhibited an oscillating movement 
at the RF‐magnetron frequency of 13.56 MHz. At this frequency, the ions could not pursue 
these oscillations due to their mechanical inertia. This excitation is much more effective than 
the ionization by nonoscillating secondary electrons, leading to decrease of the voltage of the 
RF discharge. During the positive half‐cycle, the target acts not as a cathode but as an anode. 
Therefore, the plasma density in front of the substrate is significantly higher for RF. Figure 1 
shows the potential distributions, in which the positive ions (Ar+, O+, and Ca+) are accelerated 
in the cathode fall Vp‐Vdc and the target sputtering will take place. At the same time, the elec‐
trons and negative ions (O‐) were moved from the target to the substrate, which along to the 
reflected neutral argon atoms will arrive at the substrate and perform the growth of the coat‐
ing. In Figure 2, the effects of energetic particles on a solid surface during ion‐assisted growth 
during the RF discharge are shown. The secondary and back‐scattered  electrons, as well as 
the reflected ions and neutrals, cause a higher plasma density in front of the substrate for RF 
excitation and hence a higher ion saturation current to the growing film.

It can be seen that the electrons are kept out of the substrate and only those, which have a 
sufficiently high energy, will be able to pass through the potential barrier and arrive to the 
substrate, even if they have a low current. Both neutral species and high‐energy negative ions 
(i.e., O‐) are capable of striking the substrate.

Figure 1. Potential distribution in a magnetron sputtering discharge, excited by RF.
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The properties of the RF‐magnetron sputter‐deposited films are highly influenced by the bom‐
bardment of the growing film with species from the sputtering target and from the plasma. 
The latter is determined by the deposition parameters such as the working gas pressure and 
composition, target‐substrate distance, and substrate bias voltage. Control of these parame‐
ters is essential to modify the HA coating structural properties, its composition and mechani‐
cal characteristics. The thermal and energetic conditions at the substrate surface influenced by 
the different plasma species determine the elementary processes (adsorption, diffusion, and 
chemical reactions) as well as the microstructure and stoichiometry of the film growth. The 
energy available per incoming particle and ion‐to‐atom ratio is, therefore, essential in plasma 
processing of solid surfaces in the case of thin film growth. Functional properties of the thin 
films are largely determined by the intrinsic coating features, which defined not only by the 
material properties but, to a large extend, also by the thin film growth mechanism. Passing 
through several stages, adsorption, nucleation growth, and increase film thickness, a defined 
coating structure is formed. The extended structure zone model identifies the evolution of a 
polycrystalline thin film and its relation with the deposition conditions.

2.2. Morphology of RF‐magnetron sputtering of CaP coating

The surface morphology of the HA coatings appears to play a significant role in implant‐tis‐
sue interaction and osseointegration [1]. RF‐magnetron sputtering allows to deposit dense, 
uniform coating, without apparent defects (cracks, gas bubbles, and others) keeping the ini‐
tial substrate topography [1, 36]. The latter is beneficial in case of porous scaffolds and other 
substrates with the complex structure. Meanwhile, it is well known that the coating surface 
morphology is connected to their growth mechanisms. In this way, it varies according to the 
deposition process conditions. Most often CaP coatings produced by RF‐magnetron sputter‐
ing at room temperature possess a low crystalline or amorphous structure. It occurs due to the 
energy flux arriving the substrate at the applied process conditions that is not high enough to 
ensure crystalline coating formation on the unheated substrate holder. To induce the crystal‐

Figure 2. The effects of energetic particles on a solid surface during ion assisted growth [35].

Modern Technologies for Creating the Thin-film Systems and Coatings218



The properties of the RF‐magnetron sputter‐deposited films are highly influenced by the bom‐
bardment of the growing film with species from the sputtering target and from the plasma. 
The latter is determined by the deposition parameters such as the working gas pressure and 
composition, target‐substrate distance, and substrate bias voltage. Control of these parame‐
ters is essential to modify the HA coating structural properties, its composition and mechani‐
cal characteristics. The thermal and energetic conditions at the substrate surface influenced by 
the different plasma species determine the elementary processes (adsorption, diffusion, and 
chemical reactions) as well as the microstructure and stoichiometry of the film growth. The 
energy available per incoming particle and ion‐to‐atom ratio is, therefore, essential in plasma 
processing of solid surfaces in the case of thin film growth. Functional properties of the thin 
films are largely determined by the intrinsic coating features, which defined not only by the 
material properties but, to a large extend, also by the thin film growth mechanism. Passing 
through several stages, adsorption, nucleation growth, and increase film thickness, a defined 
coating structure is formed. The extended structure zone model identifies the evolution of a 
polycrystalline thin film and its relation with the deposition conditions.

2.2. Morphology of RF‐magnetron sputtering of CaP coating

The surface morphology of the HA coatings appears to play a significant role in implant‐tis‐
sue interaction and osseointegration [1]. RF‐magnetron sputtering allows to deposit dense, 
uniform coating, without apparent defects (cracks, gas bubbles, and others) keeping the ini‐
tial substrate topography [1, 36]. The latter is beneficial in case of porous scaffolds and other 
substrates with the complex structure. Meanwhile, it is well known that the coating surface 
morphology is connected to their growth mechanisms. In this way, it varies according to the 
deposition process conditions. Most often CaP coatings produced by RF‐magnetron sputter‐
ing at room temperature possess a low crystalline or amorphous structure. It occurs due to the 
energy flux arriving the substrate at the applied process conditions that is not high enough to 
ensure crystalline coating formation on the unheated substrate holder. To induce the crystal‐

Figure 2. The effects of energetic particles on a solid surface during ion assisted growth [35].

Modern Technologies for Creating the Thin-film Systems and Coatings218

linity of the coatings and transform the amorphous calcium phosphate into HA, the thermal 
treatment at T > 500°C (in situ and ex situ) is applied [37–42].

The surface morphology of the coatings to be shown strongly depends on the substrate tem‐
perature. Bramowicz et al. [43] performed the deposition on silicon substrates with the tem‐
perature varied in the range of 400–800°C (Figure 3). The sample deposited at 400°C was 
observed to exhibit some circular cavities. At the increase of the deposition temperature, the 
cavities started to overlap, leading to the formation of uniform grains with comparable size. 
At 500°C, a threshold in the growth mode was observed, as the predominant morphology 
(cavities in otherwise flat surface) turned into a series of convex grains with well‐developed 
grain boundaries. The authors concluded that the deposited HA coatings exhibit bifractal 
behavior, their surface topography can be thought of as two interpenetrating spatial struc‐
tures with different characteristic length scales (cavities and clusters of cavities), which inde‐
pendently evolve with the deposition temperature.

The change of the routine of the coating preparation by adjusting the process parameters, such 
as substrate‐target distance, working gas pressure, bias potential on substrate holder, ensur‐
ing higher energy flux arriving at the substrate allow to obtain crystalline coating at room 
temperature [44–47]. López et al. [44] published a study on the control of the thermodynamic 
properties of the plasma to form a coating with higher crystallinity. The authors modified the 
sputtering geometry by positioning two magnetrons face‐to‐face with a substrate holder kept 
in a floating electric potential positioned at a right angle to the magnetrons (off‐axis). It was 
shown that at an RF‐power density of 24 W/cm2 after 180 min of sputtering, the transforma‐
tion of amorphous phase in the coating to the crystalline one occurred. Surmeneva et al. [48] 
in their work deposited higher crystalline coatings by sputtering a Si‐containing HA target 
using a setup with an RF‐magnetron source (5.28 MHz) at an RF‐power density of 0.5 W/cm2 
and a target‐substrate distance of 40 mm. The experiments were performed with a grounded 
substrate holder (bias 0 V) and a bias voltage of ‐50 or ‐100 V. The temperature of the substrate 

Figure 3. 10 × 10 μm, 2 planar AFM images of residual surfaces of the HA substrate on Si substrate deposited at: (A) 
400°C, (B) 500°C, (C) 600°C, (D) 700°C, and (E) 800°C. Insets: 3D projections of marked areas to show changes in surface 
morphology [43].
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during deposition reached 200°C due to heating by plasma. The effect of ion bombardment on 
the morphology and microstructure modification of Si‐HA coatings is shown in Figure 4. The 
typical surface morphology of the HA coatings deposited on a flat silicon grounded substrate 
consisted of mound‐shape grains (Figure 4a). By applying a substrate bias a distinct decrease 
in the morphological features dimension was observed. The coating cross‐section structure 
was studied by SEM. The samples were prepared by the chemical etching of one half of the 
coating in 1 M aqueous HCl. The etched regions of the coating are shown in Figure 4 (right 
side). The SEM study showed that the coatings deposited on the grounded substrate con‐
sisted of dense columnar grains grown perpendicular to the substrate surface. The columnar 
structure is the typical characteristic of films deposited by means of magnetron sputtering. 
The physical reason for the phenomenon of this structure is explained by Krug [49] and Bales 
and Zangwill [50] as a shadowing effect which can occur if adatoms impinge on the substrate 
under an angle which deviates from the substrate normal. With negative bias, the columnar 
structure was completely replaced by a very fine equiaxed grain structure which is reflected in 
the surface morphology. Therefore, it is considered that due to applying the negative bias, the 
particles arriving on the growing film have higher enough energy to disrupt column growth 
and force renucleation. Moreover, an increased ion bombardment may induce coating resput‐
tering effect resulting in flat surface morphology. Thereby, the HA coatings can be deposited 
by RF‐magnetron sputtering in such a way to control the coating morphology.

2.3. Composition of RF‐magnetron sputtering of CaP coating

The thermodynamic stability, reactivity, solubility, and mechanical properties of CaPs were 
reported to strongly depend on the Ca/P ratio [4]. The calcium phosphate with low Ca/P ratio 
proves to have high dissolution rate. When the Ca/P ratio is equal to 1.67, the stoichiometric 
compound is obtained, which is referred as hydroxyapatite (HA). In biomedical applications, 

Figure 4. SEM images of the Si substrate coated with HA coating at the grounded substrate holder (a) 0 V, (b) −50 and (c) 
−100 V. Left: top view; right: side view after etching. The Ra was measured before etching [48].
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tering effect resulting in flat surface morphology. Thereby, the HA coatings can be deposited 
by RF‐magnetron sputtering in such a way to control the coating morphology.

2.3. Composition of RF‐magnetron sputtering of CaP coating

The thermodynamic stability, reactivity, solubility, and mechanical properties of CaPs were 
reported to strongly depend on the Ca/P ratio [4]. The calcium phosphate with low Ca/P ratio 
proves to have high dissolution rate. When the Ca/P ratio is equal to 1.67, the stoichiometric 
compound is obtained, which is referred as hydroxyapatite (HA). In biomedical applications, 

Figure 4. SEM images of the Si substrate coated with HA coating at the grounded substrate holder (a) 0 V, (b) −50 and (c) 
−100 V. Left: top view; right: side view after etching. The Ra was measured before etching [48].
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this compound is the most desired to obtain because the Ca/P ratio is close to that of natu‐
ral bone. Thus, the Ca/P ratio is one of the main characteristics of a biocompatible film and 
it depends on the applied deposition control parameters such as RF‐power, substrate bias, 
working gas pressure, and configuration of the samples in the vacuum chamber [51]. It is 
shown that the ratio of elements in the deposited coating may differ substantially from their 
ratio in the target [24, 28, 52]. It was reported that when sputtering from multicomponent 
ceramic targets, such as superconducting oxides, HA, and other CaP materials, the alteration 
in coating composition may occur due to the preferential sputtering, which can initially cause 
the stoichiometry of the film to deviate from that of the target. However, at steady state, the 
composition of the sputtered flux must be the same as the target composition unless extensive 
diffusion occurs in the target [53]. It was also reported that at least 1000 Å (or more of the mul‐
ticomponent target) need to be removed before the coating would reflect the stoichiometry 
of the bulk target [54]. Thus, the composition of the coating may be quite different from that 
of the target material, depending on the type of sputtering system, and parameters used for 
deposition.

Figure 5 shows the typical spectra for the fitted high resolution XPS obtained for O1s, Ca2p, 
and P2p regions of CaP films deposited by RF‐magnetron sputtering onto titanium substrates. 
For the studied CaP coating, the O1s envelope (Figure 5a) was fitted with energy O1s = 531.9 
eV of the calcium in the structure of HA. The energy of Ca2p3/2 = 347.1 eV (Figure 5b) was 
established for all Ca‐O bindings. Finally, the P2p was fitted with two binding energies for the 
P2p3/2 peak (Figure 5c): (i) the P2p3/2 = 132.9 eV was established to the phosphorous bonded 
to the oxygen in the (PO4)3‐—groups in the hydroxyapatite structure and (ii) the P2p3/2 = 133.8 
eV was attributed to the P‐O bindings in the calcium phosphate phase. For nanocrystalline 
HA coatings deposited via the RF‐magnetron sputtering the ratio of Ca/P was reported in the 
range between 1.6 and 2.9 [47, 55]. The optimum Ca/P ratio was reported to be in the range 
of 1.67–1.76 [4].

Figure 5. XPS: (a) O 1s, (b) Ca 2p, and (c) P 2p spectra of the CaP coating deposited via RF magnetron sputtering onto a 
titanium substrate [56].
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Figure 6. Elemental composition determined by XPS of the CaP coating deposited via RF magnetron sputtering at 
different deposition temperature onto a silicon substrate [43].

At the low deposition temperature an amorphous coating structure was obtained;  the increase 
of the deposition temperature leads to the Ca/P ratio change in the range of 1.41–1.69 [43]. It 
was demonstrated that the Ca/P ratio achieved the value of 1.63–1.69 for samples prepared 
at temperatures between 600 and 800°C. It was found that the Ca/P ratio of the coating is dif‐
ferent than that of the target, due to specific target sputtering mechanisms. Moreover, it was 
reported that P ions are pumped away before reaching the substrate [17]. In the present case, 
at relatively low deposition temperature, the deposition conditions yielded Ca‐deficient films, 
whereas temperature increase resulted in stoichiometric HA films. Possible phenomena caus‐
ing these results include differences in sticking and removal rates of atoms on the growth sur‐
face and gas scattering phenomena [53]. Film growth at relatively high temperatures implies 
that the sticking probability of the incoming species can be less than unity, which in the case 
of compound growth can result in modified film composition.

An increase of the negative bias applied to the substrate led to the increase of the coating 
crys tallinity and of Ca/P ratio from 1.53 to 3.88 [52, 55, 56]. Feddes et al. [57] explained this 
phenomenon by assuming that phosphorus was resputtered from the growing film surface 
by ion bombardment with the energy determined by the potential drop in the cathode dark 
sheath. The authors of the study reported that calcium was carried by positively charged 
radicals (e.g., CaO+) and ions (e.g., Ca+ and Ca2+) generated in the plasma [57]. Moreover, it 
is explained that higher negative substrate biasing resulted in higher fluxes of CaO+ cations 
onto the surface and it became more difficult for (PO4)3− anions to reach the surface, which 
explained the higher Ca/P ratios at higher negative biases [48].

The composition of the CaP coatings may be controlled by the RF‐magnetron sputtering and 
may be changed by deposition temperature. The increase of the deposition temperature leads 
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to the Ca/P ratio change in the range 1.41–1.69 [43]. The deposition temperatures influence the 
Ca/P ratio, which achieves 1.63–1.69, that is very close to the stoichiometric HA (Ca/P = 1.67), 
for samples prepared at temperatures between 600 and 800°C (Figure 6).

2.4. Water addition into an working gas atmosphere effect of RF‐magnetron sputtering of 
CaP coating

A similar trend was observed for the coatings deposited in H2O‐containing atmosphere by 
Ivanova et al. [28] (see Figure 7). The Ca/P ratio varied within the range of 1.53–1.70, and first 
increased with the distance from the center of the substrate holder. The highest Ca/P ratio 
was obtained for the samples exposed above the racetrack. Feddes et al. [57] reported that the 
P ions can be resputtered by negatively charged oxygen ions, leading to the variation of the 
Ca/P. Also Takayangi et al. [58] found that the high‐energy negative ions appear in the erosion 
area of the oxidized cathode due to a large amount of electrons which are trapped by mag‐
netic field within this zone. So, the negative oxygen ions formed as well as Ar ion bombard‐
ment of the growing HA film caused its stoichiometric deviation from the target composition. 
So, the RF‐magnetron sputtering is well‐suited method to prepare coatings with different 
Ca/P molar ratios by variation of the substrate temperature, substrate bias, and position of the 
sample with regard to the target erosion zone [48].

2.5. Microstructure of RF‐magnetron sputtering of CaP coating

At the low energy flux into the substrate, the amorphous HA coating is growing [59]. Thus, 
the deposition temperature of the HA coating plays an important role to the formation of the 
crystalline structure, which influence many other properties of the coatings. Figure 8 shows 
the evolution of the crystallinity on the deposition temperature. At low temperature, the CaP 
coating shows only two peaks: (002) and (202). As the deposition temperature increased, more 
peaks are seen, the (200), (222), (213), and (004) planes) indicating the formation of the crystal‐
line structure. The grain sizes, calculated by the Scherrer formula, increase with the deposi‐
tion temperature, resulting in crystallites aggregation due to the higher adatoms mobility. 

Figure 7. The relation between the sample positions on the substrate holder: (a) and a Ca/P ratio, (b) as function of the 
time in the race track per period [28].
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The phase composition and structure of the CaP coating depend on the process conditions as 
it was mentioned above. RF‐magnetron sputtering allows to deposit the CaP coatings of either 
amorphous or crystalline structure of a certain phase composition that along with the Ca/P 
ratio influences the coating behavior in vitro and in vivo [60]. The high dissolution rates of the 
amorphous lead to long‐term stability reduction of the implanted devises. With the aim to 
maintain the HA coating integrity the researchers apply the postdeposition or in situ anneal‐
ing of the films. Several authors reported that the transition from amorphous to  crystalline 
coatings can be controlled by the heat‐treatment temperatures and heating environment (air 

Figure 9. XRD spectra show variations of the intensity distributions, revealing that the studied samples have a different 
texture [48].

Figure 8. XRD spectra of the CaP coatings deposited at different deposition temperature [59].
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and water vapor) [61–63]. Meanwhile, crystalline coating can be obtained by turning the 
energy of the bombarding ions or ion to atom ratio arriving the substrate through manipula‐
tion with the substrate bias, working gas composition, pressure, and target‐substrate distance.

The influence of the substrate bias voltage on the structure of the Si‐containing HA coating 
was studied by Surmeneva et al. [48]. The X‐ray diffractograms of the deposited coatings 
consisted of the reflexes corresponding well to the expected Bragg peaks for hydroxyapatite 
(ICDD PDF No. 9‐432) (Figure 9). With a grounded substrate, the strongest peak of the Si‐HA 
coating was the reflection from the (002) plan resolved at 25.9°. Thus, crystallites of Si‐HA 
preferentially grew in the (002) crystallographic orientation perpendicular to the substrate 
surface. With an increase in the substrate bias voltage to −100 V, the intensity of the (002) peak 
relative to the other peaks was observed to decrease. The XRD pattern of the coating at nega‐
tive bias showed broad overlapping peaks around 32°, which indicates the decrease of the 
crystallite size or/and the presence of the microstress in the film. The average crystallite size 
as determined by the Scherrer formula was 70 nm for the coating obtained on a grounded 
substrate (0 V) and 45 nm for the coatings deposited at negative bias (−50 and −100 V). Thus, 
the enhancement of the energy of the bombarding ions reduces the texture of the film and the 
crystallite dimension.

The crystalline HA coatings were obtained by RF‐magnetron sputter deposition in water 
containing atmosphere [28]. It was shown that the HA coatings exhibited considerable 
change on preferential orientation while the samples approach the target erosion zone. 
According to XRD analysis with shifting the sample radially from the center of the sub‐
strate holder the texture coefficient of (002) peak decreases while the (300) peak grows 
up. Figure 10 shows detailed highlights from the two ultimate cases of the deposited HA 
coatings preferentially oriented in the (002) and (300) directions. The structural features of 

Figure 10. Highlights from X‐ray diffractograms of HA films deposited under racetrack (Sample A) and in the centre of 
the substrate holder (Sample B).
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the films were quantitatively studied. The lattice parameters (a, b, and c) of the measured 
samples were revealed to be higher than that of the bulk HA. The (002) textured coating 
(Sample B) is characterized by a = 9.410 Å and c = 6.934 Å; the (300) textured film (Sample A) 
is with a = 9.490 Å and c = 6.925 Å. This behavior is commonly observed in physical vapor 
deposited thin films and is attributed to the compressive stress arising in the film within 
growth and the stoichiometric imbalance of the film composition. In this way, the deposi‐
tion conditions which were realized under the racetrack lead to the transformation of the 
HA film orientation. It is considered that the texture change is resulted by high energy ion 
bombardment of the growing film deposited under the target erosion zone. This not only 
affects the deposition rate but also influences the structure and functional properties of the 
film.

The development of microstructure in the trend of the coating growth was also studied with 
the help of TEM cross‐section images. Figure 11 shows the cross‐sectional bright and dark 
fields of a 250‐nm thick CaP layer prepared by FIB. Note that the coatings had a gradient 
structure with a nanocrystalline layer at the interface. This result is in good agreement with 
the results published in reference [48]. The first columnar structure nucleated perpendicu‐
lar to the interface, within the range of 30–50 nm from the interface between the coating and 
substrate. The CaP film is well defined, dense, and homogenous. In the dark‐field images, 
the columns have a lateral size of about 40 nm. In Figure 11a, the clear structure of HA, with 
reflections from (100), (002), (211), and (200) planes, was seen. Based on TEM, the average 
crystal size of the top CaP layer was 30 ± 20 nm. The crystals showed a perfect crystalline 
structure, being in concordance with the value obtained from the XRD spectra (40 nm).

Also in Figure 11, the polycrystalline structure of the HA coating can be observed. Both ED 
patterns and d‐spacing values (1.90, 2.12, 2.25, 2.82, 3.19, 3.43, 4.10, and 8.20 Å) confirmed 
that the deposited coatings possess the structure of HA and the absence of other crystalline 
phases. The physical reason for the phenomenon of this structure is explained by the authors 
of the study [64] as a shadowing effect which can occur if adatoms impinge on the substrate 
under an angle which deviates from the substrate normal. The microstructure evolution of 
the thin film can be described with the structure, zone model (SZM), which characterizes the 

Figure 11. Cross‐sectional bright field: (a) and dark field, (b) TEM images of a 250 nm thick CaP layer were prepared by 
FIB. The electron diffraction pattern (insert left image) reveals the presence of a polycrystalline phase [52].
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microstructure and texture as a function of the deposition parameters. A good overview of an 
SZM is given by Mahieu et al. [65–67] developed the extended structure zone model (ESZM) 
that explains the transformation of the texture and microstructure of thin films as a function 
of adatom mobility.

The texture change occurred in thin films during their growth is a fundamental issue. It can be 
determined with the help of several factors, such as precursor adatoms sticking probability, 
adatom diffusion on the surface, and interaction of high‐energy particles with the surface of 
the growing film. In the HA structure, the (002) plane has the lowest surface energy [68]. For 
this reason, to minimize the surface energy, the HA coatings grow on (002) orientation. In 
the literature, it was reported that the preferred (002) orientation can be thermodynamically 
changed by increasing oxygen ions bombardment in the deposition process [66]. For example, 
Van Steenberge et al. [69] demonstrated that the preferential orientation of the CeO2 films pre‐
pared using the reactive magnetron sputtering method can be controlled by increasing oxy‐
gen flow. The influence of different crystalline planes during the collision anisotropy can also 
be treated as an explanation of the obtained results. The (002) plane of hexagonal structure is 
the most closely packed and it can be easily damaged by severe bombardment of ions acceler‐
ated in the cathode racetrack giving rise to loosely packed (100) plane [70, 71]. This finding 
is important, because crystallographic texture of polycrystalline thin film is one of the essen‐
tial microstructural features, which is responsible for its properties. In hexagonal HA, a, b, 
and c planes exhibit anisotropy in mechanical properties, resolvability, biocompatibility, and 
absorption ability [72–75]. Naturally occurring apatite crystals frequently exhibit preferred 
orientations resulting from highly specific biological processes and these preferred orienta‐
tions are believed to affect the biological and biomechanical performance of hard tissue [73, 
76, 77]. Moreover, recent investigations suggest that HA with textured in a tailored manner 
surfaces may enable a new level of control over cellular behavior due to of protein adsorption 
anisotropy on the different faces of hexagonal HA crystals. Molecular modeling and in vitro 
analysis have shown that acidic bone proteins and other proteins exhibited high affinity to the 
(100) plane of HA [55]. Moreover, adsorption‐desorption of the protein on nanosurface plays 
an important role in cell adhesion and mineralization of biomaterials. Thus, by controlling the 
preferential orientation of sputtered HA coatings, the behavior of the coatings in human body 
can be tailored, assuring their successful for biomedical applications.

2.6. Electrochemical in vitro tests of RF‐magnetron sputtering of CaP coating

After implantation in human body, any metallic biomaterials are affected by the action of 
the body fluids [60]. The metallic biomaterials are degraded by corrosion processes, which 
disturb the normal body system, leading in the end at the rejection of the implant. For 
this reason, before the preparation of new biomaterial, it is important to know the effect 
of the corrosive solutions on its characteristics. In the case of the coatings, the corrosion 
resistance can be controlled by the adjustment of deposition parameters. The corrosion 
behavior of the biomaterials at the contact with simulated body solutions (saliva, SBF, 
PBS, and 0.9% NaCl, etc.) can be evaluated by various techniques; the most used being the 
potentiodynamic polarization method. The corrosion behavior of hydroxyapatite is influ‐
enced by the many factors such as composition, crystallinity, compactness, and porosity, 
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which are depended on the deposition parameters. For example, Ducheyne et al. found 
that the stoichiometric hydroxyapatite coatings (Ca/P = 1.67) exhibited low dissolution rate 
than other types of calcium phosphates [78].

In a previous paper, we demonstrated that the deposition temperature is one of the factors 
which can affect the corrosion resistance of sputtered hydroxyapatite coatings as following 
[59]. The increase of the deposition temperature from 400 to 600°C leads to the decrease of the 
corrosion current density and increase of the polarization resistance (Figure 12), indicating 
an improvement of the corrosion resistance. For further increase of deposition temperature 
from 600 to 800°C, the corrosion current density and polarization resistance were not affected 
(Figure 12). Comparing the values of corrosion potentials, all the coatings presented more 
electropositive values than the uncoated Ti alloy (Figure 12), demonstrating that the coatings 
are a good solution for improving corrosion resistance of the Ti6Al4V alloy. The increase 
of the deposition temperature tends toward more electropositive values for hydroxyapatite, 
indicating also an enhancement of the corrosion resistance. In the literature, it is commonly 
admitted that a material is resistant to the corrosion when exhibited more electropositive 
values for corrosion potential, low values for corrosion current density and high ones for 
polarization resistance [79, 80]. If we take into account these criteria, it can be observed that 
the hydroxyapatite prepared between the 600 and 800°C has the best resistance in Fusayama 
artificial saliva solution (pH = 5) at 37°C, being proper for the dental applications. This results 
was accounted to the differences in the composition of the samples, the EDS measurements 
showing that HA‐400 is nonstoichiometric (Ca/P = 1.80) while the HA‐600, HA‐700, and 
HA‐800 exhibited Ca/P ratio closed to 1.67 [59].

2.7. Mechanical properties of RF‐magnetron sputtering of CaP coating

To assure the success on long term of the metallic implants coated with HA, the coated 
surface should exhibit a high hardness, low friction performance and superior bonding 
strength to the metallic surfaces in order to support potential fatigue stress at the time of 
surgical procedure or after implantation. Altering the metallic surface texture, namely, the 
implant roughness, via different pretreatment techniques or/and their combination is the 
most common used and relatively inexpensive way that can help in tackling above men‐
tioned challenges as the substrate properties play an important role in obtaining the effec‐
tive implant‐tissue interaction and osseointegration.

Figure 12. Evolution of corrosion potential, corrosion current density, and polarization resistance on the deposition 
temperature of the sputtered hydroxyapatite coatings in Fusayama artificial saliva solution (pH = 5) at 37°C [59].
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Substrate topography can be varied via different surface treatment procedures: exposition to 
abrasive paper (grinding and GR); sand, glass, or ceramic microspheres accelerated toward 
the surface (sandblasting and SB); exposition to acid chemicals (wet etching and AE); exposi‐
tion to electron beams (EB). It is known that the mechanical properties of biomaterials are 
strongly governed by the film fabrication method and substrate characteristics. According to 
Mohseni et al. [81], the sputtering technique provides the highest adhesion of coating to the 
substrate compared to other methods which can be attributed to the sputter cleaning and ion 
bombardment processes (Figure 13). However, a simple and direct comparison of the effect 
of different pretreatment methods for enhancing the adhesion strength of magnetron sput‐
tered HA coating is difficult because the deposition parameters are different and the authors 
use different techniques and experimental equipment to determine the mechanical properties. 
Nevertheless, the main tasks in the pretreatments of a metal surface prior to coating deposition 
may be defined as follows: to remove all foreign matter, to render surface suitable (suitable 
roughness) for the coating, to impart uniformity throughout all treated work piece surfaces.

Nowadays, the most common pretreatment methods of metallic substrate surface used prior 
to RF‐magnetron coating deposition procedure are GR, SB, AE, and EB treatments [24, 56, 79, 
81–84]. A number of studies reported that the combination of these pretreatment techniques 

Figure 13. The quantitative comparison of different coating techniques. Reprinted from Mohseni et al. [81].
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could be more effective for the improvement of hardness, Young’s modulus and adhesion of 
the HA coatings to substrate [56, 85]. Table 2 summarizes the use of different pretreatment 
methods prior the deposition of HA‐based RF‐magnetron coating on metallic substrate with 
comparison on their mechanical properties.

For instance, the increased surface roughness and enhanced mechanical properties of 
implants by SB and AE, so‐called SLA process [86], were demonstrated by Grubova et al. 
[85]. Nanohardness H and Young's modulus E of the coatings prepared on Ti after SB with 
Al2O3 microspheres of 50 μm diameter followed the etching with a mixture of 1 ml HF + 2 ml 
HNO3 + 2.5 ml H2O at the penetration depth of hc = 71.11 ± 2.87 nm were 15.2 ± 0.7 and 147 
± 16 GPa, respectively. The values of Н/Е and Н3/Е2 for the HA coating (0.101 and 0.164 GPa, 
respectively) were significantly higher than that of the uncoated substrate (0.038 and 0.005 
GPa). Scratch test results revealed that the deposited HA coatings exhibited improved wear 
resistance and lower friction coefficient. Eventually, the coating was delaminated from the 
substrate along the scratch path when the load increased up to 3.14 N.

Based on the data obtained in study [24] for pure HA coatings with a thickness of 0.09–2.7 μm 
prepared by RF‐magnetron sputtering deposition on mechanically polished (GR) NiTi and 
Ti substrates at a substrate temperature of 500°C in argon atmosphere, we can assume that 
substrate surface microstructure affected the mechanical properties of HA films, if the film is 
thinner than about 1 μm. Their hardness and Young's modulus were of about 10 and 110 GPa, 
respectively. The bond strength of the HA coating to the metallic substrates is affected by its 
thickness. For example, upon increasing the thickness more than 1.6 μm, the bond strength 
decreased. The coating with a thickness of less than 1.6 μm was not damaged during the 
scratch test experiment even at a maximal load of 2 N. No difference was observed between 
NiTi and Ti substrates [24].

Control of the formation of the surface nanopatterns on Ti via pretreatments can allow varying 
the grain size of the HA coating. For instance, Grubova et al. [87] investigated the influence of the 
grain size on the mechanical properties of the nanostructured RF‐magnetron sputter‐deposited 
Ag‐HA coatings with a concentration of silver in the range of 0.13–0.36 wt% prepared on the Ti 
substrates treated through SB with Al2O3 particles (250–320 μm) for 10 s at 0.45 and 0.61 MPа and 
AE using a 1:2:2.5 mixture of HF (40%), HNO3 (66%), and distilled water. Larger nanostructure 
sizes were found on the surface of Ti prepared at a lower SB pressure. From the nanoindentation 
results, it is possible to conclude that smaller grains of the Ag‐HA coatings resulted in signifi‐
cantly higher values of nanohardness and Young's modulus.

The treatment of Ti surfaces by EB has also been used prior the deposition of magnetron HA 
coatings [56]. EB irradiation of Ti samples has been found to reduce the roughness and to 
improve the nanohardness of the material [88], allowing for the deposition of smoother HA 
coatings [56]. For example, Surmeneva et al. [56] studied the nanoindentation hardness and 
the Young's modulus of the HA coating deposited onto Ti modified by the pulse EB treat‐
ment with an electron energy density of 15 J cm‐2 were determined to be 7.0 ± 0.3 and 124 ± 
3 GPa, respectively, which were significantly higher than those of the HA coating on AE Ti 
in a mixture of HF (48% concentration) and HNO3 (65% concentration) acids; H2O was set to 
1:4:5 in volume. Figure 14 shows the load‐deformation curves of the tested in [56] surfaces. 
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The CaP coating deposited onto the nanocrystalline EB treated Ti surface is more resistant 
to plastic deformation than the same coating on the AE Ti substrate. Moreover, Surmeneva 
et al. [89] also have evaluated the application of negative electrical bias to the Ti substrates 
preheated to Т = 200°C during the Si‐HA coating deposition; the substrate surface was chemi‐
cally etched and then treated with a low energy EB prior to deposition. It was found that for 
the case of the grounded substrate, the adhesion coefficient is the highest (HSC = 1). With 
increasing negative bias, the adhesion coefficient HSC lowers to 0.98, indicating a decrease 
in adhesion. Decreasing adhesion may be associated with an increasing level of microstrains 
because of a finer grained structure, an increasing volume fraction of defects, and incoherent 
interfaces, as evidenced by XRD and IR studies of the coating structures. Surmeneva et al. 

Figure 15. Hardness and elastic modulus of the sputtered CaP coatings prepared at different deposition temperatures; 
the measurements were performed on the coating deposited on the Si wafers in order to avoid the influence of other 
factors (e.g., roughness or cast defects occur during the deposition of the coatings on metallic substrates) [59].

Figure 14. Representative load‐displacement curves for uncoated and CaP—coated Ti prepared by AE and pulse EB 
treatment at a maximum load of 2.5 mN [56].
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found that the HA coating prepared on EB‐treated magnesium AZ31 alloy exhibited higher 
hardness and the Young's modulus values compared to those of HA coated on untreated AZ 
31 alloy. Furthermore, HA coating prepared on treated AZ31 alloy substrate showed the best 
resistance to plastic deformation than HA coated prepared on treated AZ31 alloy substrate. 
Although we cannot do the right comparison of the pretreatment methods usually used prior 
RF‐magnetron coating deposition due to the differences in techniques and experimental 
equipment for the determination of the mechanical properties, we assume that pretreatments 
such as AE, SB, GR, and EB treatments and their combinations enhance the bonding strength 
and hardness of the coating. However, the pretreatments are not the only one way to guaran‐
tee a stable (high hardness and low friction) HA coating on metallic substrate. Using an inter‐
facial layer (such as TiO2, TiN, SiC, etc.) as the initial coating layer on the substrate followed 
by HA coating layer also can enhance the bonding strength and mechanical properties as well 
as post‐treatments [84, 90–93].

In biomedical applications, the mechanical properties of the CaP coatings are important 
parameters. For success of dental or orthopedic implants, it is important to use a material 
with high hardness and elastic modulus close to the bone. In the case of CaP, both param‐
eters are influenced by deposition temperature (Figure 15). Due to the plastic deformation, 
we presented the results of the hardness and elastic modulus measured at low load (1 mN). 
The elastic modulus and hardness values decreased with increasing deposition temperature 
(Figure 15). For both parameters, high values were obtained for the coatings with amorphous 
structure (sample deposited at 400°C). Note that the crystallinity plays an important role also 
in the case of mechanical properties. Despite that the high hardness is desired, the elastic 
modulus should be low, for the biomedical applications. Moreover, the CaP coatings exhib‐
ited a high dissolution rate in contact with human body fluids and it is not desired. Thus, the 
CaP coatings prepared at high deposition temperature (700 or 800°C) is more proper for coat‐
ing the surface of dental or orthopedic implants.

2.8. Behavior in vitro of RF‐magnetron sputtering of CaP coating

Cellular responses to an implanted biomaterial are highly complicated biological and chemi‐
cal processes related to several surface properties [82]. In the literature, it was reported that the 
Ca and P content affected cell response such as attachment, spreading, and differentiation [61, 
94–96]. Moreover, it was demonstrated that the biological properties of Ti or Mg alloys, ceramics, 
and polymers could be significantly enhanced by substrate coating with CaP thin film [61, 94–96].

In vitro cell viability tests studied after 5 days of culture with human osteosarcoma cell line 
(MG‐63) showed that all of the cells have a good adhesion, spreading, and growth on the sur‐
face of all of the coatings, whatever deposition temperature was (Figure 16). Comparing all 
of the coatings, one may observe that there are no differences between the cell growths after 
increasing the deposition temperature. On all of the coated surfaces, the cells showed a dense 
cytoskeletal F‐actin (stained green) and proliferated well, being situated close to each other. 
For the CaP coatings prepared at 700 and 800°C, more cell nuclei numbers (blue color) were 
found, indicating that these two coatings have better promoted the cell proliferation. The SEM 
micrograph of cell growth on the coating prepared at 800°C is presented in Figure 17. There 
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are observed many cells well attached and spreading over the whole coated surface, with 
spindle‐shaped, indicating good biocompatibility. In our previous paper, we demonstrated 
that this behavior was due to the increase of surface roughness which was increased due to 
the deposition temperature [59]. Immediately after the implantation, the first contact of the 
implant surface is with proteins, which are known as a promotor of attachments, spread‐
ing and proliferation of osteoblasts, leading to a successful implantation [97]. The proteins 
adhere better to the porous or rough surface due to larger contact areas which assure a bigger 
 surface‐cell interface [98, 99].

Recent studies have shown that the cell‐substrate interactions depend on the material type 
and are associated with the surface topography [100, 101], chemical and elemental composi‐
tion [101, 102], dissolution behavior [101, 103], and surface macro and microstructure [101, 

Figure 17. SEM image of the osteosarcoma cell growth after 5 days of culture on the coating prepared at 800°C.

Figure 16. Fluorescence micrograph of the osteosarcoma cell growth after 5 days of culture on the uncoated Ti6Al4V 
substrate and coated at different deposition temperatures. Blue fluorescence represents the nuclei due to Hoechst 33342; 
green fluorescence is F‐actin fibres due to FITC conjugated phalloidin [59].
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104]. These physicochemical characteristics can be manipulated during RF‐magnetron sput‐
tering to promote the clinical integration of implants with the surrounding cells and tissue 
[100, 105]. The response of a human osteoblast‐like cell line (MG‐63) to titanium coated with 
silicon‐containing calcium phosphate was investigated by Surmeneva et al [48]. In vitro cell 
culture studies showed that cells maintained their natural spindle‐like morphology, are well 
spread out and adherent to the substrate (Figure 18). After 7 days, the cells covered the whole 
surface coated with HA. All the tested coatings revealed a low toxicity and a very good adhe‐
sion of cells on the surface.

By conducting the biological in vitro assay of the HA coatings with DPS cells the surface miner‐
alization of the tested samples was revealed. The mineralized nodules typical for amorphous 
calcium phosphate (ACP) deposited from solutions were found in the extra‐cellular region 
during the 3‐day culture (Figure 19a) on the poor crystalline HA coating deposited at 200 W 
and 0.1 Pa on the titanium substrates. The calcification degree in the matrix of fibrous col‐

Figure 18. Morphology of MG‐63 cells growth for 1 and 7 days on glass and Ti substrates coated with HA prepared by 
different methods [48].

Figure 19. SEM image of the mineralized matrix synthesized by DPS cells cultured on the 440‐nm thick CaP coating. 
The signs of mineralization are marked by arrows in (a). (b) Reveals the signs of mineralization in the case of uncoated 
titanium [52].
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lagen was significantly lower in the case of the uncoated titanium (Figure 19b). It is reported 
that nodule formation in multilayers of cells is an important factor for in vitro mineralization 
[61, 62]. These results are consistence with those published in Ref. [63]. In the literature, it has 
been shown that the mineralization process is initiated by controlling the Ca and P concentra‐
tions in the medium [66, 68]. Nodule formation of mineralized is correlated with most of the 
biological events more or less with a spontaneous precipitation of CaP minerals, depending 
on the behavior of cellular osteogenic [69, 70]. In other words, poor crystalline HA coatings 
accelerated the attachment, proliferation, and formation of mineralized nodules by the cells 
grow on the surface than those grown on uncoated titanium surface.

The geometric and physical characteristics of the CaP film are important for regulation of 
the cells attachment and migration, such as crystallinity, composition, and thickness. Many 
scientific papers reported on the effect of crystalline and amorphous CaP coatings prepared 
by different techniques based on the adhesion, proliferation, and growth of bone‐related cells 
[106–109]. Anyhow, most of the published papers acknowledged various effects of the CaP 
coating crystallinity on cell behavior. For example, a low dissolution rate of the coating was 
found for the coatings with low crystallinity or amorphous ones. On the other hand, the amor‐
phous CaP coatings induce faster bone formation, even though its faster release of calcium ions 
[110]. Based on some in vitro analysis, it was found that the surface  chemistry and topography 
of amorphous HA coatings stimulate the cell attachment, but result in a cytotoxic effect that 
inhibits proliferation of the cells attached to the coating surfaces [106, 110]. Simultaneously, 
highly crystalline HA coatings revealed nodule formation [106] and higher rates of osteo‐
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the metallic implants or their components. It is commonly used due to its chemical simi‐
larities to the component of bones and teeth. However, the high dissolution rate in contact 
with human fluids, the low mechanical strength and the relatively low bone bonding rate 
restrict its use as biomaterial. Therefore, the actual challenge in the biomedical field is to 
find a solution to improve the mentioned properties, but the difficulties are redoubtable, as 
these surface, characteristics deteriorate in time. A novel approach to obtain these surfaces 
is to modify HA properties by doping with small amounts of beneficial elements for human 
bones, as discuss below.

3.1. Si or SiC addition

In the present, the addition of Si into the HA matrix has successful clinic practice as bone 
graft material in spinal fusion (www.orthoaospl.com). However, this solution is not sufficient 
for the hard tissue, because they exhibited low hydrophobicity involves a decrease of the 
proteins adsorption and low mechanical and tribological properties. Thian et al. showed that 
sputtered Si‐HA coatings could be a good candidate for hard tissue replacement, owing to 
their ability to form a carbonate‐containing apatite layer rapidly [112]. Azem et al. showed 
that by SiC addition to the pure HA matrix, their corrosion resistance in artificial saliva and 
 mechanical properties were enhanced, without affect the bioactive abilities of HA [91, 113]. 
Also, Vladescu et al. reported that the SiC consisting of hydroxyapatite coatings exhibited 
high adhesion strength to the Ti6Al4V substrates, better corrosion resistance to the SBF attack, 
better cells proliferation and viability compared with the undoped HA coatings. However, 
the elastic modulus is still higher than that of the bone [91].

3.2. Mg addition

Some researchers have also proposed the incorporation of Mg in the HA lattice, in order to 
accelerate the osseointegration process of dental or orthopedic implants. The Mg was selected 
as dopant because Mg is found in the natural dentin (1.23 wt%) and bone (0.73 wt%). However, 
a major drawback of the Mg‐HA coatings is their high dissolution rate in physiological solu‐
tions, leading to a high pH value in the surrounding environment, which is detrimental to cell 
survival [114]. This effect appeared because Mg inhibits the apatite crystallization, leading to 
a destabilization of the apatite structure, by formation of the β‐tricalcium phosphate, known 
as a phase with high dissolution rate in human body environment [113]. The 1.8 wt% Mg 
content decreased the compressive strength and hardness of the HA, but these are still higher 
than the values for bone [115].

3.3. Ti addition

A recent study reported that some of the properties of sputtered HA, such as mechanical 
properties, in vitro and in vivo bioactivity, could be enhanced by the incorporation of Ti in the 
HA lattice. Ribeiro et al. showed that the hydroxyapatite doped with Ti enhanced the protein 
adsorption, especially the activity of the enzyme GCR, indicating that this coatings may be 
used as a delivery matrix for biologically active molecules [116].
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3.4. Ta addition

Ligot et al. identified that Ta could also be a promising doping element, proving that for Ta 
content less 4.5 at%, Ta substituted the Ca in the HA cell, and the (Ca + Ta)/P ratio is close to 
1.67 (ratio of stoichiometric HA) and exhibited an elastic modulus of 120 GPa, which is com‐
parable to the value of some conventional materials used for load‐bearing implants (stainless 
steel, Co‐Cr alloys or Ti alloys) for which the elastic modulus ranges between 110 and 232 
GPa [117]. Unfortunately, up to date, no information about the effect of Ta addition on the 
 osseointegration ability, bioactivity, or dissolution rate of sputtered HA coatings are avail‐
able. Future work need to be done in this area.

3.5. Ag addition

In the present, in the biomedical applications, especially for dental and orthopedic implants, 
there is necessary to use surfaces with bioactive and antibacterial surfaces, which helps 
also the implant osseointegration. The bioactive surface could be achieved by using HA 
coatings, but the antibacterial or antifungal properties of HA coatings are under devel‐
opment. For example, Park et al. doped HA coatings with different Ag content and 
found that some of the Ca2+ ions in the hydroxyapatite were replaced with Ag+ ions [118].  
The drawback of this solution is that the hardness and modulus of the Ag doped HA coatings 
decreased with an increasing Ag content [118], which is not desired for load bearing implants. 
Ciuca et al. found that the addition of 2.1 at.% Ag is enough for assuring of antifungal activ‐
ity of the HA coating, without affecting the formation of the stoichiometric HA phase [119]. 
Also, it was demonstrated that the addition of a small Ag content (0.7 at.%) into HA structure 
could improve the resistance to the Staphylococcus aureus, Streptococcus pyogenes, Salmonella 
typhimurium attack of hydroxyapatite without any change of the other characteristics such as 
microchemical, microstructural, or anticorrosive ones of the sputtered hydroxyapatite [120].

4. Conclusions

The fabrication of a controlled crystallinity, chemistry, and stoichiometry of HA nanocoat‐
ings is shown to be possible based on the knowledge gained up to now, which will have 
a high efficiency in orthopedic implant applications. The HA coatings can be deposited 
on the surfaces of diverse metallic permanent and biodegradable implants. The complex 
geometries of implants can be coated by RF‐magnetron sputter, even if this technique is a 
line‐of‐sight technique. An overall control of the coating properties keeping the adhesion 
strength to the substrate high makes RF‐magnetron sputtering technique prospective for 
future commercial applications in the case of biocompatible coating fabrication.
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Abstract

Thin film deposition techniques, such as dip coating, spin coating, and spray pyroly-
sis, are applied for the production of SiO2-, poly-(methylmethacrylate) (PMMA)-, and 
SiO2-/polyester-based “hybrid” matrices. The factors influencing the film properties are 
briefly discussed. The morphology of the films presented is studied by different micros-
copy techniques such as atomic force microscopy, electron (scanning and transmission) 
microscopy, and fluorescence microscopy. The composites based on SiO2-, PMMA-, and 
SiO2/polyster “hybrid” matrices possess the optical properties of the immobilized com-
plexes of Ru(II) and Eu(III) with different organic ligands. The preparation of the PMMA 
matrix by the monomer methylmethacrylate polymerization (instead of using of PMMA 
solution) caused partial destruction of the less stable complexes and thereby a decrease 
in the fluorescence intensity.

Keywords: dip coating, spin coating, spray pyrolysis, SiO2-based films, poly-
(methylmethacrylate)-based films, SiO2/polyester “hybrid” matrix, morphology, 
immobilization, composites, optical properties

1. Introduction

The methods applied for thin film production by deposition have been divided into two 
groups, physical and chemical, based on the nature of the deposition process [1]. Among 
them, the chemical methods include gas-phase deposition and solution techniques. The sol-
gel process can produce glassy materials by reactions of precursors at room temperature. This 
process is suitable for thin film fabrication because the sol can easily be deposited on different 
substrates. It is very easily combined with deposition methods such as dip coating, spin coat-
ing, or spray pyrolysis. The convenience of such a combination will be shown in the chapter 
below along with the characterization of the films by different microscopy techniques such as 
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atomic force microscopy, AFM, and electron microscopy, transmission, TEM and scanning, 
SEM. The morphology of the sol-gel produced films coated on different substrates as well as 
their roughness, surface formations, and thickness are crucial parameters for the application 
of the films. One of the applications of such films is as a support matrix for the immobilization 
of complexes. The immobilization of complexes with optical properties in films and matrices 
is among the approaches applied to obtain new materials with interesting optical properties. 
Besides the fact that the new materials can possess the properties of both the complex and the 
matrix, the immobilization itself can improve the stability of the complex immobilized and 
can protect its properties, for instance, the quenching of fluorescence by the environment mol-
ecules. Three different types of composites with immobilized complexes were produced: SiO2- 
and poly-(methylmethacrylate) (PMMA)-based composites as well as composites based on a 
SiO2/polyester “hybrid” matrix. Complexes with different organic ligands of Ru(II) and Eu(III) 
were used because of their fluorescence in the visible region of the spectrum. The optical prop-
erties of the composites as well as the deposition techniques influencing them are presented.

2. Dip-coating technique

2.1. Advantages of dip-coating technique

Dip-coating is a low-cost, waste-free process that is easy to scale up and offers a good control 
on thickness of the films made by it, so it is popular in research and in industrial production 
as well. It has been demonstrated that the method is good enough to fill porosity, to make 
nanocomposites, as well as to perform nanocasting [2]. In spite of the ways of deposition pro-
posed, involving a capillary induced convective coating [2], usually dip coating is combined 
with a sol-gel process and a substrate is immersed and withdrawn from a sol of the precursor 
at a certain rate, followed by evaporation of the solvent. Different substrates such as glass, 
polycarbonate and polymethylmethacrylate have been tested for production of transparent 
films of SiO2, ZnO, indium tin oxide [3] as well as substrates such as Si, Si3N4 and SiO2 for lay-
ers of γ-Fe2O3 nanoparticles [4].

The factors determining the structure of the films produced via dip coating such as structure of the 
precursors, relative rates of condensation and evaporation, capillary pressure, and substrate with-
drawal speed are presented in [5–7]. An essential factor for the film quality is the film thickness, 
which is determined by the hydrolysis and condensation behavior characteristics of the precur-
sors and depends on their concentration in the starting solution [8–12], the pH of the sol [13–15], 
the aging time [8, 12–14], the withdrawal speed [16, 17], the number of immersions, and the ratio 
of water and precursor [8, 13, 14, 16]. By careful control of hydrolysis and condensation reactions 
of selected precursors, various surface roughnesses and morphologies can be been achieved [18].

Information about the surface morphology including surface area and roughness is provided 
by an atomic force microscopy, AFM [18–20]. The united power of the SEM, TEM, and AFM 
methods contributes to the examination of the surface morphology of thin films prepared by 
the sol-gel technique using different types of precursors and different parameters of the dip-
coating deposition procedure [19].
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2.2. Films, matrices and composites produced by dip coating

2.2.1. Sol-gel produced SiO2-based films and composites by dip coating

The process conditions as well as the solution properties are factors influencing the thickness 
and uniformity of thin films. The SiO2-based films were made using Si-containing precursors 
such as the alkoxysilanes TEOS (tetraethoxysilane), OtEOS (octyltriethoxysilane), and MtEOS 
(methyl triethoxysilane). The latter two are also called organic modified silanes or ormosils 
because of the C-Si bond in the structure of these hybrid materials. On the surface, the silanol 
groups are replaced by alkyl groups that have a poor affinity for water so by that they are 
keeping the sol-gel surface hydrophobic [13]. Films deposited at a withdrawal speed of 0.4 
mm/s with variations of the number of the immersions (from 1 to 7) on microscope glass using 
gels produced from TEOS, OtEOS, or mixtures of TEOS/OtEOS (mole ratio 1:1) as well as 
TEOS/MtEOS (mole ratio 1:3) were obtained, showing the influence of the alkoxysilane used 
[19]. It can be seen that the films obtained from pure TEOS sol have smooth, glassy surface 
(Figure 1). By using organic modified silanes (OtEOS, MtEOS), structuring of the surface is 
observed (Figures 1–7), and the appearance of formations with raindrop or ellipsoid shape 
with a widely varying size is observed; both the size and the concentration of the shapes 
depend on the film deposition conditions.

Figure 1. SEM images of films, obtained from different sols, at a withdrawing speed of 0.4 mm/s and different number 
of immersions, P [19].
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SEM images of layers, prepared from TEOS, TEOS+MtEOS, MtEOS, and OtEOS containing 
sols with different numbers of immersions and different speeds (Figure 2), show the influence 
of these factors on the film morphology.

The ellipsoid or rhombohedral grains observed (approximately 200 nm in size, Figure 3) 
showed a decreasing size and an increasing number per unit surface area with increasing 
number of immersions (Figure 2).

Figure 2. SEM images (10,000×) of the matrices, produced by dip coating from TEOS/MtEOS sol at different withdrawal 
speed and number of immersions, P [19].
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The dot distribution can be ascribed to and connected with the randomly formed macroscopic 
“pores” or hollows observed in the AFM images (Figure 4), with a higher concentration and 
better appearance in samples prepared with larger numbers of immersions.

Sol-gel produced SiO2-based composites were made by orthosilanes with immobilization of 
the complex Rudpp, (Ru(II)-tris(4,7-diphenyl-1,10-phenanthroline) dichloride, [Ru(dpp)3]
Cl2). The films produced (10–15 mm) from TEOS/OtEOS and Rudpp sols at withdrawal speed 
of 0.4 mm/s and up to 5 immersions have a good uniformity and thickness of about 500 nm. 
Smoothness of the films, combined with the good linkage between the layers, is ensured by 
these conditions [19]. The presence of Rudpp in the films produced from TEOS leads to the 

Figure 3. SEM image (30,000×) of the films obtained after (a) 3 and (b) 5 immersions with withdrawing speed (a) 0.3 and 
(b) 0.4 mm/s, produced from sol TEOS/MtEOS (ellipsoid or rhombohedral grains are approximately 200 nm in size) [19].

Figure 4. AFM images of films produced by dip coating (withdrawing speed 0.4 mm/s) from TEOS/OtEOS sol 
(1 immersion), bearing area 0.8 µm2. The section analysis is performed along the diagonal of the bearing area [19].
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appearance (due to microcrystallization of the Rudpp) of dots (Figure 5b–d) on the otherwise 
smooth surface of the Rudpp-free dip-produced film (Figure 5a).

The synthetic conditions were improved by applying an ultrasound treatment to the 
sol after its magnetic stirring. It was found that this improves the surface of the films. 
Uniform, smooth films were obtained, and no microcrystallization of the complex was 
observed in the SEM or TEM images. Apparently, the ultrasound treatment of the sol is 
a powerful tool to avoid microcrystallization of the complex, leading to production of 
high-quality films. Films from non-sonicated sol show some heterogeneity due to micro-
crystallization of the Rudpp [21] (Figure 6), whereas films produced from sonicated sol 
are entirely homogeneous [19].

Figure 5. SEM images of layers without and with Ru(dpp), produced from TEOS-containing sols (a) TEOS (1), (b) TEOS-
Rudpp (1), (c) TEOS-Rudpp (5), and (d) TEOS-Rudpp (7) (in brackets the number of the immersions) [19].

Figure 6. TEM (a, b) and SEM (c, d) images of TEOS/OtEOS/Rudpp dip-coated films without (a, c) and with (b, d) gel 
sonication [21].
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The presence of OtEOS causes roughness of the films with sharply expressed hills and valleys 
as observed with AFM (Figure 7b). The chain-like surface structure in the OtEOS Rudpp film 
may be due to the presence of the long CH3-(CH2)7 radicals that are likely difficult to fit into 
the SiO2 network.

2.2.2. Sol-gel produced SiO2-based matrix made from TEOS with immobilized Еu(DBM)3 
and Eu(DBM)3

.dpp complexes

A sol-gel produced SiO2-based matrix was used for immobilization of the europium (III) 
complex with dibenzoylmethane (DBM), Еu(DBM)3, and the mixed-ligand complex 
Eu(DBM)3

.dpp (dpp is 4,7-diphenyl-1,10-phenanthroline). The synthetic procedure for 
obtaining the composites is presented in [22]. To a magnetically stirred ethanol-dimethyl-
formamide (DMF) solution (volume ratio 1:4) of the complex (2.5 g/dm3), TEOS was added 
dropwise until an ethanol:TEOS mole ratio of 4 was obtained. After that water (with pH 8, 
adjusted by aqueous ammonia solution) was added in the same way, by this reaching mole 
ratio ethanol:TEOS:water = 4:1:4. Experiments with ratios 8:1:4 were also performed. After 2 
h stirring, the sol obtained was aged at 50–70°C for different times. In some experiments, the 
fresh sol was sonicated for 30 min in an ice-water ultrasound bath. From the prepared gels, 
films with a typical thickness of ~300 nm were produced from one immersion with a with-
drawing speed of 0.2 mm/s. Membranes (1–2 mm in thickness) were prepared by casting of 
a gel in a Teflon® mould. The influence of the temperature (ambient to 70°C) and time (3 h 
to 4 weeks) of ageing of the sol before film/membrane preparation and of their drying on 
the photoluminescence properties was investigated. When adding distilled water to the sol 
instead of water with pH = 8, a sol with pH of ~5 was obtained. Films produced from such 
sols showed no photoluminescence; it was concluded that the complex suffered destruction 
at this pH, by this the importance of pH control is shown [22]. Despite the positive effect of 
the sonication on the uniform distribution of the complex in the immobilization matrix [19], 
it caused quenching of the photoluminescence. This was probably due to some destruction 
of the complexes, and sonication is thus not recommended when these complexes are used. 
Emission spectra of the pure powdered complexes Eu(DBM)3 and Eu(DBM)3

.dpp along with 
the SiO2-based composites containing these complexes are shown in Figure 8. The charac-
teristic emission band for Eu3+ is preserved in the spectra after immobilization.

Figure 7. AFM images of films produced by dip coating (withdrawing speed 0.4 mm/s) from sols TEOS/OtEOS/Rudpp 
(a), and OtEOS-Rudpp (b); 1 immersion [19].
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When larger amounts of DMF solvent were used than described above, it was found that 
after 6 weeks storage of the composites, they became opalescent and their optical proper-
ties changed. A possible explanation could be the disturbance of the Eu3+ coordination shell 
caused by the strong donor ability of the DMF. The presence of contaminant ions (using NaOH 
instead of NH4OH for adjustment of the pH for alkoxide hydrolysis) strongly decreases the 
lifetime of the excitation states to 31 µs for Eu(DBM)3 and to 19 µs for Eu(DBM)3

.dpp containing 
composites, compared with 82 and 318 µs for the pure complexes, respectively.

2.2.3. SiO2/polyester hybrid (inorganic/organic) matrix with immobilized Rudpp

Inorganic–organic hybrids combine the functional variety of organic compounds with the 
benefits of thermally stable and strong inorganic substrates and they can be promising pre-
cursors for immobilization matrices [23]. In the review quoted [23] different ways of making 
such “hybrid” materials are mentioned and among them is the simultaneous condensation 
of silica and organosilica precursors (“cocondensation”). A similar possibility is given by the 
application of the polymerized complex method [24], where a formation of polymeric resin is 
a result of condensation and polyesterification between a hydroxopolycarboxilic acid (pref-
erably citric acid, CA) and a polyvalent alcohol (most often ethylene glycol, EG). If simulta-
neous hydrolysis of tetraethoxysilane (TEOS), esterification of the hydrolyzed product with 
CA, and esterification between CA and EG can happen, then it can be expected a formation 
more complicated structure in comparison with the relatively regular one obtained from pure 
TEOS. The formed polymer net may ensure suitable places for entrapping a complex and its 
uniform distribution (which may be very important, for example for gas sensor ). Mole ratios 

Figure 8. Emission spectra of Eu(DBM)3 (1) and Eu(DBM)3
.dpp (3) and of the composites containing Eu(DBM)3 (2) and 

Eu(DBM)3
.dpp (4) [22].
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of TEOS:CA:EG = 4:1:1, 4:2:2, 2:1:1, and 1:1:1 were used, and an ultrasound treatment time 
was 40 min was applied. Substrates such as microscope glass were used. Before deposition, 
the slides were cleaned by 15 min treatment in an ultrasound bath consecutively with distilled 
water, methanol, acetone, and finally with distilled water. The factors influencing the prop-
erties of the composites synthesized based on SiO2/polyester “hybrid” are (i) the mole ratio 
TEOS:CA:EG, (ii) the sol production method, (iii) the sol sonication, and (iv) the film thick-
ness, determined itself by the sol composition, aging time, and withdrawing speed.

Microcrystallization of Rudpp complex was found to occur in a SiO2 matrix produced from 
acid-catalyzed non-sonicated sol [21]; no indications for such a separation were found in the 
SiO2/polyester “hybrid” films. Immobilization in the SiO2/polyester films does not signifi-
cantly change the fluorescent properties of the Rudpp complex, as shown in the fluorescence 
microscopy images (Figure 9).

The fluorescence intensity from different regions of a “hybrid” film were followed in time. 
It can be seen that after a 150 s stabilization period, the fluorescence emission intensity from 
different regions stays constant within about 1.8% (Figure 10) [25].

Figure 9. Images from fluorescence microscopy (×160) of films produced on microscope glass by dip coating at mole 
ratios TEOS:CA:EG = 4:1:1 (a), 4:2:2 (b), 2:1:1 (c), and 1:1:1 (d), respectively [25].

Figure 10. Fluorescence intensity from different regions of a “hybrid” film as a function of time [25].

Thin Films for Immobilization of Complexes with Optical Properties
http://dx.doi.org/10.5772/66512

259



The matrix composition (ratio TEOS:CA:EG) does not influence the excitation (Figure 11a) 
and emission (Figure 11b) spectra of the films and the position of the maxima (310 and 619 
nm, respectively).

The results obtained gives the opportunity to conclude that by formation of SiO2/polyester 
“hybrid” matrix the films can be produced with a good stability, density and homogeneity, 
as well as with a good adhesion to different substrates such as glass, silica, and ceramics. An 
additional advantage of that matrix is the uniform distribution of the optically active complex 
immobilized, especially the fact that it preserves its optical properties. The film morphology 
strongly depends on the sol composition and deposition mode. Films prepared by dip coat-
ing at a withdrawing speed of 0.4 mm s−1 from sonicated sol with molar ratio TEOS:CA:EG = 
4:1:1 produced by acid catalysed hydrolysis were found promising as an active component of 
 optical sensors [25].

2.2.4. Composites based on poly-(methylmethacrylate), PMMA, with immobilized complexes

2.2.4.1. Immobilization of Rudpp in PMMA-based composites

A PMMA matrix was prepared by a catalytically induced polymerization of the monomer 
methylmethacrylate (MMA), following a procedure described in [26]. It was found that 
poly(methylmethacrylate) films produced from monomer, containing 1.5% Rudpp, are dense 
with a smooth surface and uniform distribution of the complex (Figure 12a, b) and fluo-
rescent properties (Figure 12c). The fluorescence emission intensity from films produced by 
polymerization of the monomer MMA was significantly (2.5-fold) weaker in comparison with 
those prepared from PMMA solution, probably due to partial destruction of the complex.

Using a chloroform solution of PMMA, membranes and thin films of good quality can be 
obtained. Membranes (0.4–1.5 mm in thickness) were prepared by casting of the PMMA solu-
tion or partially polymerized MMA into a Teflon® mould. Both types of samples were dried 
at 50°C for 24 h. The use of PMMA as an immobilization matrix for Rudpp is a cheap and easy 
to be applied composite preparation method, ensuring the production of dense and smooth 

Figure 11. Excitation (a) and emission (b) spectra of Rudpp in hybrid matrix (TEOS:CA:EG = 4:1:1) [25].
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specimens with uniformly distributed optically active complex with the possibility to prepare 
membranes up to 1 mm thick. No significant interaction of the complex with the matrices 
takes place, and the emission spectra of the complexes are practically unchanged as a result 
of immobilization in both types of studied matrices (Figure 13a, b). The reported results show 
the preparation of PMMA by the polymerization of the monomer MMA in the presence of 
benzoyl peroxide as a polymerization initiator is not a suitable method for the production of 
Rudpp-PMMA composites due to a partial destruction of the complex.

2.2.4.2. Immobilization of Eu(III) beta-diketonates in PMMA

The optically active complexes (Eu(DBM)3, Eu(DBM)3
.phen, Eu(DBM)3

.dpp, Eu(TTA)3
.phen, 

and Eu(TTA)3
.dpp) are well-known fluorescent dyes with high fluorescent emission inten-

sity (phen is phenanthroline, and TTA is thenoyltrifluoroacetone). The complexes of the type 
Eu(DBM)3

.Q (Q is phen or dpp) are of special interest due to their higher stability (compared 
to Eu(DBM)3) and increased luminescence intensity [27].

Figure 13. Emission spectra of a PMMA/Rudpp-containing membrane (excitation at 450 nm) prepared from catalyst-
induced polymerization of MMA (a) and from PMMA solution (b) [26].

Figure 12. AFM (at different scanning area) (a, b) and fluorescence (x160) (c) images of dip-coated films from Rudpp-
containing composite prepared from catalyst-induced polymerization of MMA [26].
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A PMMA matrix was prepared by a catalytically induced polymerization of the monomer 
MMA [28]. The deposited films were aged at 50°C for 4–6 h. The experiments showed that 
thicker membranes can be prepared by applying 24 h of aging time at the temperature men-
tioned. The content of the complex in the final product after evaporation of the solvent was 
determined to be 1.5%. Using a solution of PMMA, films were deposited and membranes were 
prepared with a complex concentration in the final matrix of 1.0%. Films were deposited by 
dip coating at a withdrawal speed of 0.4 mm/s, using the device described in [29]. The films 
were uniform with a typical thickness of 200 nm. By varying the withdrawal speed, films with 
thickness of 0.1–1 µm were prepared. Membranes 0.1–1 mm in thickness can be easily obtained 
by placing the initial complex-binder mixture in a mould or by pouring along glass slides. SEM 
(Figure 14) or AFM (Figure 15) showed that no microcrystallization or aggregation (observed 
for example in [30], reaching 10 nm in size) of the complexes in the matrix took place and that 
cracks in films and membranes were absent. Qualitative tests with adhesive tape and brass 
edge showed that films thicker than 400–500 nm have poorer adhesion to the microscope glass.

Figure 14. SEM images of dip -coated films of Eu(DBM)3 (a) and Eu(TTA)3
.phen (b, c,) in MMA (b) and PMMA (a, c) [28].

Figure 15. AFM images of dip-coated thin films of immobilized Eu complexes: Eu(DBM)3 (a), Eu(DBM)3
.phen (b), 

Eu(DBM)3
.dpp (c), Eu(TTA)3

.dpp (d) in PMMA, produced from the monomer, and Eu(DBM)3 (e) in PMMA produced 
from polymer solution [28].
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Embedding of the complexes causes some changes in the excitation spectra but does not influ-
ence the emission spectra significantly. The uniform distribution of the complex in the matrix 
and lack of aggregates, obtained by the applied deposition methods, also have a positive effect 
on the preservation of the lifetime of the excited states of the embedded complexes (Figure 16).

The preparation of the matrix by the monomer polymerization leads to partial destruction 
of the less stable complexes and thereby a decrease in the fluorescence intensity. It was 
shown that the films produced by dip coating from europium-diketonates–PMMA chloro-
form solution can be used both as components of luminescent devices and for temperature 
sensing [28].

3. Spin-coating technique for film production

The basic principles of the spin-coating technique and the parameters controlling the process 
are presented, for example in Ref. [31], including the spin speed, spin time, acceleration, etc. 
The process generally involves four stages, namely a dispense stage (or deposition), substrate 
acceleration (spin-up) stage, a stage of substrate spinning at a constant rate, and evaporation 
[31, 32]. Evaporation may accompany the other stages [32, 33]. In order to understand the 
mechanism of thin-film formation by spin coating, the relationship between the thickness 
and the solvent evaporation rate of spin-coated thin films has been studied [34]. Spin coating 
combined with the sol-gel process offers a simple, low cost, and highly controlled way of film 
deposition [35]. In recent years, the method has been used for coating in microelectronics [36] 
and studied for deposition of transparent conducting oxides [37], for ferroelectric thin films 
[38], for indium oxide thin films [39], for doped and undoped hematite films [40], for ZnO thin 
films [35, 41–44], for titanium oxide films [45], for yttria-stabilized zirconia thin films [46], for 
mesoporous silica thin films on a silicon substrate [47], and so on.

Figure 16. Lifetime of the excited state of composite Eu(TTA)3
.phen in MMA [28].

Thin Films for Immobilization of Complexes with Optical Properties
http://dx.doi.org/10.5772/66512

263



3.1. SiO2 films and composites produced by spin coating

The spin-coating technique was applied for sol-gel produced SiO2-based films. The deposition 
was done by means of a KW-4A (USA) spin coater at 2000–6000 rpm, spinning time 20–60 s, 
and 1–3 spinning procedures (0.5 cm3 sol per procedure) [19]. Different orthosilanes were 
used for SiO2 precursors, such as TEOS, OtEOS, or their mixture. The morphology of the films 
prepared from TEOS and TEOS/OtEOS is shown in the SEM images (Figure 17).

The alkoxysilane used has an influence on the morphology of the spin-coated films. Films 
prepared using TEOS are similar to the dip-coated films (part 2.2.1.), that is, the films are dense 
and uniform (Figure 17a). The use of an ormosil-type precursor (TEOS/OtEOS mixture) leads 
to the production of “structured” films (Figure 17b) whose SEM images are different from 
those of dip-deposited films. The ‘‘structuring’’ improves with increasing of the spinning time 
from 30 to 60 s (Figure 17b–d), that is, with decreasing film thickness, which is opposite to the 
effect of the same parameter for dip coating.

A well expressed chain-like surface structure is seen in the AFM image (Figure 18a, without 
Rudpp) where the above mentioned hills and valleys are very regular. The section analysis 
(Figure 18b, with Rudpp) reveals hollows with diameters of 25–60 nm and depths of 1–1.6 nm 
and differences between the lowest and highest points in the scanned region of 2.8 nm. There 
is an influence of the spinning time: chains are observed at a spinning time of 60 s that are not 
noticed at 30 s spinning time (Figure 17c, d).

The thickness of the spin-produced films can be controlled by the gel spinning rate and 
the time. The thickness decreases with increasing spinning rate (2000–4000 min−1) and time 
(20–40 s). The effect is significant (a factor two) when the spinning time was increased from 

Figure 17. SEM images of films produced by spin coating at a spinning speed of 3000 min-1 from sols: TEOS (a); TEOS/
OtEOS (b) (spinning time 30 s); TEOS/OtEOS (60 s), at an image angle of 90° (c) or 45°(d) [19].
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20 to 30 s. No significant differences were found between films produced from TEOS/OtEOS 
and pure TEOS at spinning times of 30 and 40 s [21]. The thickness of the produced films 
(1 × 1 cm), measured by a Talystep profilomer, depends on the deposition conditions and 
is typically around 300 nm for dip-coated films. The thickness of the spin-deposited films is 
much larger: from 7 µm (at 0.5 cm3 gel, 3000 rpm, 30 s) to 19 µm (1.5 cm3 gel, 2000 rpm, 20 s) 
[19]. Their morphology depends mainly on the nature of the precursor and somewhat on the 
deposition method [19].

Figure 18. AFM images of films produced by spin coating (60 s, 3000 min−1) from TEOS/OtEOS (a) and TEOS/OtEOS-
Rudpp sol (b). The section analysis is performed along the diagonal of the bearing area [19].
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The ruthenium complex Rudpp was immobilized in a SiO2 matrix by following a commonly 
used sol preparation procedure (with 1.25–2.5 g Rudpp/dm3 sol). It was found that microcrys-
tallization of the complex occurs with formation of randomly distributed crystals of 100–400 
nm in size. An ultrasound treatment of the sol by means of an ultrasound disintegrator leads 
to homogeneous distribution of the complex without observable crystallization (Figure 18b).

3.2. Rudpp complex immobilized in a SiO2/polyester “hybrid” composite

A SiO2/polyester “hybrid” with immobilized Rudpp complex was prepared, using a pol-
ished fused silica substrate spinning at 2000 min−1 and a precursor solution with mole ratio 
TEOS:CA:EG = 1:2:2. The sol aging time was 2 h, the spraying/spinning time was 30 s, and 
ultrasound treatment time was 40 min [21]. It was found that the spin-produced specimens 
obtained from sols enriched in CA and EG were not uniform.

4. Spray pyrolysis method for film production

Spray pyrolysis is a simple and inexpensive technique, which does not require high-quality 
substrates or chemicals for the production of various materials. It is easy for preparing films 
of any composition, such as thin films with large surface area, ceramic coatings, dense films, 
porous films at relatively low temperatures, and multilayered films [1].

It has been used for decades in the glass industry and in solar cell production [1], for powder 
production [48] and for electrodes and counter electrodes for dye-sensitized solar cells [49]. The 
method is used for deposition of thin ferrite films [50], thin films of the perovskite LaFeO3 [51], 
thin films of TiO2 (pure or modified) [52–55], films of poly-(methyl)methacrylate [28], and thin 
films of cerium-doped yttrium-iron garnet [56], each of them with potential applications in water 
purification, oxygen sensing, thermosensors, for deposition of thin yttria-stabilized zirconia films 
[1, 57, 58], for crystalline and non-crystalline iron oxide (α-Fe2O3) thin films onto glass substrates 
at different temperatures [59, 60], highly structured ZnO layers [61], transparent conducting zinc 
oxide thin films [62], lead(II) oxide thin films [63], nanoporous aluminum oxide [64], europium 
doped lanthanum oxide films [65], and UV excited green emitting Eu(II) activated BaAl2O4 and 
SrAl2O4 [66] and etc. Typical spray pyrolysis equipment consists of an atomizer, precursor solu-
tion, substrate heater, and temperature controller. The atomizers usually used in spray pyrolysis 
technique are mentioned and explained in [1], namely air blast (the liquid is exposed to a stream 
of air), ultrasonic (ultrasonic frequencies produce the short wavelengths necessary for fine atom-
ization), and electrostatic atomizer (the liquid is exposed to a high electric field).

4.1. Factors influencing the properties of the films produced by spray pyrolysis

The processes involved in the spray pyrolysis technique as well as the effects of spray pyroly-
sis parameters on film quality such as the influence of the substrate surface temperature on 
the film roughness, cracking, and crystallinity are discussed in Ref. [1]. The substrate surface 
temperature is a parameter that determines the film morphology and properties so that by 
increasing the temperature, the film morphology can be changed from a cracked to a porous 
microstructure [1]. The influence of different parameters on the thickness, morphology, crystal 
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structure, and adhesion of the films is discussed in [5, 67], and optimal values are given (in 
brackets) for the nature of the carrier gas (oxygen or nitrogen) and its flow rate (0.5–1.2 dm3/
min), the substrate temperature during the spraying (350°C or 400°C), the spraying angle (var-
ied in the interval 20°–90°), the distance between the substrate and the nozzle (15–25 cm), the 
duration of spraying (10–20 s), the interval between the consecutive sprayings (1–5 min), the 
number of sprayings (1–20 cycles), the postdeposition annealing temperature (350–480°C), and 
the type of substrate. A comprehensive model for spray pyrolysis using solutions is presented 
in [67]. Different solutions or suspensions have been used such as ethylene glycol solution of 
mixed metal citrate complexes [67, 68] and aqueous or methanol suspensions containing TiO2 
and EG or PEG [54]. In some of the experiments, sonication for 20 min by means of ultrasonic 
disintegrator, UD, 20 (Technopan, Poland) was applied before spraying [54]. The device used 
[69] is suitable for film deposition. The suspension was passed through a pneumatic nebu-
lizer with a 1 mm nozzle diameter using pressurized O2 [5, 54] or N2 [50] as a carrier gas. A 
nebulizer with nozzle of 0.7 mm in diameter was also used [50]. Microscope slides and optical 
grade glass of various shapes and sizes were used [51]. The substrate was situated at 20 cm 
from the nozzle at an angle of 45° and heated at temperatures, depending on the nature of the 
substrate and of the spraying material and kept within the limits of ±5°C. The suspension was 
sprayed for 30 s periods, separated by intervals of 5 min. The deposited films were heated at 
300–500°C for 1 h [54] or 480–750°C for 0.5–3 h [50] in static air. The prepared films had a very 
good adhesion to the substrate as demonstrated by the standard tests with scotch tape and 
brass edge. The film thickness was controlled by the number of spraying cycles [50]. Typically, 
10 cycles can be applied to produce 0.5 mg/cm2 layers of TiO2 that were approximately 1.5 µm 
thick [54]. With О2 as a carrier gas, more uniform films were formed compared with those 
prepared using N2 at the same conditions. This is probably due to a more even and complete 
burning of the organic components in the initial solution, when citric complexes were applied 
as precursors (Figure 19) [51].

Figure 19. AFM images of films deposited on microscope glass slides at a substrate temperature of 350°C; as carrier gas 
are used O2 or N2, at a flow rate of 1 dm3/min; annealing of the films in air for 3 h at 350°C (O2-produced films) or 380°C 
(N2-produced films) and at 480°C (rms: root mean square roughness) [51].
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The method is suitable for the production of films up to ~700 nm thickness. The film thick-
ness above 700 nm can cause cracking during the thermal treatment, following the deposi-
tion [51]. Thin films of La2Ti2O7 were deposited by spray pyrolysis using as starting material 
the ethylene glycol solutions of La–Ti citric . The films produced on silica glass and Si 
substrates after 2 h postdeposition annealing at 750°C were with good stoichimetry, homo-
geneous and with highly crystallinity. It was found that the size of the crystallites was 
between 25 and 45 nm and it depended on the nature of the substrate and slightly on the 
conditions for deposition and postdeposition. Using the number of the spraying cycles, the 
thickness of the films can be controlled (up to 1.2 mm). The size of the grains may also be 
controlled by the diluents used and by the conditions for annealing [68]. Highly crystalline 
uniform Y2O3 films (0.2 1 µm) were obtained using EG solutions of yttrium citric complexes, 
demonstrating that thin films can be deposited using spray pyrolysis of nonaqueous solu-
tions of citric complexes as a starting material and using O2 as a carrier gas. The substrate 
was heated at 350°C during the deposition, and a postdeposition annealing at 850°C for 2 
h was applied [70].

The optimal coating conditions were similar to the ones used in [53]. The suspension was 
passed through a pneumatic nebulizer with a 1 mm nozzle diameter using pressurized O2 as 
a carrier gas. The substrate was situated 20 cm from the nozzle at an angle of 45° and heated at 
temperatures that depended on the nature of the substrate and of the spraying material. The 
suspension was sprayed for 30 s periods, separated by intervals of 5 min. The deposited films 
were heated at 300–500°C for 1 h in static air. The prepared films had a very good adhesion to 
the substrate as demonstrated by the standard tests with scotch tape and brass edge. The film 
thickness was controlled by the number of spraying cycles. Typically, 10 cycles can be applied 
to produce 0.5 mg/cm2 layers that were approximately 1.5 µm thick [54].

4.2. Spray pyrolysis for immobilization of complexes and synthesis of composites with 
optical properties

4.2.1. PMMA-based composites

The composite Eu(DBM)3/PMMA was obtained by two methods. The first one includes the 
dissolving of the complex into the MMA monomer solution followed by polymerization, and 
the second one includes the dissolving of the polymer and the complex in a solvent, followed 
by the evaporation of the latter. After the solution was prepared, the spray pyrolysis device, 
described in details in Ref. [69], was applied. The spraying conditions for Eu(DBM)3-containing 
solution of MMA are as follows: a nebulizer with a nozzle diameter of 0.8 mm, under an angle 
of 45° and at a distance of 20 cm from the substrate surface was used. As a carrier gas, air was 
applied with a flow rate of 0.7–0.9 dm3/min. The substrates used were heated at temperature 
varied between 50 and 70°C. The spraying time was 15 s, and the interval between different 
layer depositions was about 30 min. [28]. An example of the morphology of the films can be 
seen in Figure 20.

A tendency for decreasing film roughness when the monomer MMA polymerization was 
applied can be seen. This is explained by the relatively fast polymerization inside the very 
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small droplets as well as by the sharp temperature decrease in the solution containing oligo-
merized monomer during deposition. This limits the possibility of formation of long chains 
and disturbs the structure obtained when PMMA polymer solution is used.

The optical properties of the Eu(DBM)3 complex and its derivatives as well as of Eu(TTA)3
.phen 

after their immobilization both in films and in membranes produced from MMA or PMMA 
solutions were followed. For both types of matrices, the excitation spectra of the complexes 
showed some changes (with general pattern preserved), whereas the emission spectra were 
not disturbed (Figure 21) [28].

Figure 20. AFM-image of Eu(DBM)3/PMMA film produced by spray coating [28].

Figure 21. Emission spectra of (a) complex in solid state, (b) immobilized in a matrix from MMA solution, and (c) 
immobilized in a matrix from PMMA solution [28].
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The lifetime is 75, 214, and 265 µs for the pure Eu(DBM)3 and the complex immobilized in 
MMA and in PMMA, respectively. The preparation of the matrix by monomer polymeriza-
tion leads to partial destruction of the less stable complexes and thereby a decrease in the 
fluorescence intensity.

4.2.2. Spray pyrolysis produced composites based on SiO2/polyester “hybrid” matrix

The synthetic procedure for composited preparation consists of citric acid (a measured 
amount) dissolved in ethanol under stirring, and of EG added in small portions to the solu-
tion obtained. Stirring for 15 min was applied in order to obtain a homogeneous final solu-
tion. To the latter one, TEOS was added dropwise in an amount that the desired mole ratio of 
TEOS:CA:EG:EtOH to be reached. By adding HCl (0.1 M), the pH value was adjusted equal to 2. 
To obtain a complex concentration of 2.5 g dm−3 sol, an ethanol solution of Rudpp (0.014 g mL−1) 
was added. The variation of the complex concentration was experimented, but it did not show 
an effect on the main functional parameters of the films produced.The films produced by 
spray pyrolysis were uniform, without cracks and with a satisfactory adhesion, and contained 
pores that were about 100 nm in diameter (Figure 22).

The pores are probably due to the faster evaporation of the excess of EG in the course of 
spraying on the heated surface. It is concluded that the chain structure is common for spray-
produced films based on SiO2/polyester “hybrid” [25].
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tion leads to partial destruction of the less stable complexes and thereby a decrease in the 
fluorescence intensity.

4.2.2. Spray pyrolysis produced composites based on SiO2/polyester “hybrid” matrix

The synthetic procedure for composited preparation consists of citric acid (a measured 
amount) dissolved in ethanol under stirring, and of EG added in small portions to the solu-
tion obtained. Stirring for 15 min was applied in order to obtain a homogeneous final solu-
tion. To the latter one, TEOS was added dropwise in an amount that the desired mole ratio of 
TEOS:CA:EG:EtOH to be reached. By adding HCl (0.1 M), the pH value was adjusted equal to 2. 
To obtain a complex concentration of 2.5 g dm−3 sol, an ethanol solution of Rudpp (0.014 g mL−1) 
was added. The variation of the complex concentration was experimented, but it did not show 
an effect on the main functional parameters of the films produced.The films produced by 
spray pyrolysis were uniform, without cracks and with a satisfactory adhesion, and contained 
pores that were about 100 nm in diameter (Figure 22).

The pores are probably due to the faster evaporation of the excess of EG in the course of 
spraying on the heated surface. It is concluded that the chain structure is common for spray-
produced films based on SiO2/polyester “hybrid” [25].
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Abstract

Silicon oxycarbide (SiCxOy) has been extensively investigated due to its wide use in the
Si semiconductor industry in applications that include low-k dielectrics, passivation
layers, and etch-stop layers. Furthermore, SiCxOy research has been exploring its pro-
spective use in numerous other technological usages, such as lighting, energy, and
biological applications. The latter include white light-emitting materials, hydrogen stor-
age materials, gas sensors, anode materials for lithium batteries, and biomedical devices.
SiCxOy materials can intensively luminescence in a broad emission spectral range that
spans the ultraviolet, the visible, and even the near-infrared spectrum, when doped with
erbium. Herein, we present pertinent results on the material behaviors from chemically
synthesized SiCxOy thin films and nanowires. Moreover, their light-emitting properties
and underlying mechanisms for light emission are explored in conjunction with data
from their thin film counterparts, which are also employed as baseline comparison
metric. We further highlight major challenges and promises of such materials.

Keywords: silicon oxycarbide, SiCxOy, Si-O-C, Si-C-O, nanowires, thin films, lumines-
cence, CVD, e-beam lithography, structural properties, optical properties, band tails,
disorder

1. Introduction

In silicon (Si) complementary metal-oxide-semiconductor (CMOS) chip technology, silicon
oxycarbide (SiCxOy) materials have been extensively employed to serve multiple purposes.
For example, SiCxOy materials have been the focus of extensive study due to their applicability
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as low-k dielectrics, passivation layers, and etch-stop layers to name a few [1, 2]. SiCxOy

materials have also been the focus of studies due to their potential application in a plethora of
other technological applications (e.g. light emission, energy, and bioapplications). In particular,
they have been proposed as candidates for white light-emitting materials [3–5], filters, porous
adsorbents, and catalytic supports [6, 7], as hydrogen storage materials [8], gas sensors [9],
negative electrode materials for lithium batteries [10, 11], and in biomedical devices [12].
Additionally, it has been also shown that SiCxOy can be utilized as a host material to optically
active impurities (rare earth ions). To this end, europium (Eu2+)-doped SiCxOy thin films
synthetized by RF magnetron sputtering [13] as well as erbium (Er3+)-doped SiCxOy thin films
for near-infrared (IR) emission at the commercially useful telecommunication wavelength of
1540 nm have been recently reported [14–16].

The fabrication of luminescent Si-based nanostructured materials for light emission applica-
tions is highly desirable, similarly to how Si-based nanophotonics has undergone great
advancements in recent years [17, 18]. Due to the seamless integration of Si-based materials
with process protocols and technologies developed for semiconductor CMOS technology,
manufacturing costs and process complexity could be also reduced. Furthermore, the extreme
down-scaling methods achieved by CMOS technology offer the opportunity to study new
compelling properties owing to possible confinement effects in one (1D) or two (2D) dimen-
sions (e.g., the reduction of exciton-phonon interactions, the increase of extraction efficiency of
spontaneous emission, and suppression of Auger recombination) [19, 20]. Therefore, the func-
tionality of such nanostructured materials and their devices can be employed in a ubiquitous
way in light emission applications [21]. To this extent, SiCxOy nanowires (NWs) have been
recently shown to exhibit strong room-temperature visible luminescence [22–24].

In parallel, the identification and elimination of potential obstacles that could deteriorate the
luminescence efficiency of such materials (e.g., temperature and excitation power density) needs
to be taken into consideration. Indeed, the luminescence efficiency is known to be influenced by
environmental fluctuations in temperature and pump-power-density changes [25, 26]. These
fluctuations can become critical in luminescence applications such as light-emitting diodes
(LEDs). In these applications, the operating temperature and power density can reach respec-
tively ~150°C and ~200 W/cm2, thus greatly influencing the light output and color chromaticity.

Silicon oxycarbide films have been grown predominantly through low-temperature plasma-
enhanced chemical vapor deposition (PECVD) using an array of silane-based precursors for
the needs of semiconductor industry [27–30]. However, the incorporation of source precursor
fragments and decomposition byproducts in the resulting films has led to the observation of
enhanced stress levels and increased defect density, both of which have detrimental effects on
the optical performance of resulting materials and device structures. Recently, Lin et al. pre-
pared amorphous SiCxOy using a very high-frequency plasma-enhanced chemical vapor depo-
sition (VHF-PECVD) technique [31]. The resulting films exhibited intense room-temperature
blue luminescence, characteristic of Si-related neutral oxygen vacancy defect centers. Ryan
et al. and Vasin et al. showed that a wide variety of SiCxOy with a continuous range of
compositions could be produced by reactive RF-magnetron sputtering [32, 33]. Karakuscu
et al. and Abbass et al. have reported sol-gel-prepared SiCxOy thin films [34, 35], while Vasin
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et al. have reported a-SiCxOy:H thin films growth by low-temperature oxidation of carbon-rich
a-SixCy:H thin films [36].

Nevertheless, it is desirable to identify alternative deposition methods, which can inhibit or
minimize processing induced structural and/or compositional damage to SiCxOy materials due
to phase separation owing to the non-stoichiometric composition. Herein, key findings are
summarized pertaining to the development of a thermal chemical vapor deposition (TCVD)
strategy for the growth of SiCxOy thin films approximating the SiCxO2(1−x) (0 < x < 1) stoichi-
ometry for light emission applications [37, 38]. These studies led to the identification of a
deposition process window for the growth of SiCxOy thin films with strong room-temperature
light emission [3]. Additionally, we present the findings pertaining to room-temperature visi-
ble photoluminescence (PL) from SiCxOy sub-100-nm nanowire materials fabricated by elec-
tron beam lithography (EBL) and reactive ion etching (RIE). These metal-free non-toxic Si-
based nanostructured materials may offer an alternative and environmentally friendly path-
way toward efficient visible light-emitting materials and devices.

2. Synthesis and fabrication of silicon oxycarbide thin films and
nanostructures

2.1. SiCxOy materials grown by thermal chemical vapor deposition: composition control

SiCxOy thin films and their nanostructures are deposited on Si(100) or SiO2 substrates in a hot-
wall quartz tube reactor by thermal CVD at 800°C. A single source oligomer (2,4,6-trimethyl-
2,4,6-trisila-heptane (C7H22Si3)) is utilized as the source precursor for silicon and carbon atoms
and ultra-high purity oxygen (O2) and argon (Ar)/nitrogen (N2) are also employed as co-
reactant and dilution gases. The composition of the resulting amorphous SiCxOy≤1.73 (0.11 < x
< 0.65) thin films is regulated by modifying the oxygen flow rate and, hence, the oxygen partial
pressure in the reaction zone. The films are deposited onto three types of substrates: single-
crystal silicon (c-Si) (100), for composition, structural and optical analysis; double-polished
intrinsic Si and high-quality UV transparent fused silica, for infrared and optical studies. A
subset of the as-deposited SiCxOy films was annealed for 1 h in different ambient (e.g., O2, Ar,
N2, or forming gas (FG, 5% H2 and 95% N2)) at temperatures in the range from 500 to 1100°C.
Detailed description of the deposition and annealing processes can be found elsewhere [37,
38]. The resulting samples were subsequently employed in a comparative analysis of as-
deposited and post-annealed films to determine the effects of thermal treatment on film
structural and optical properties as well as their photoluminescence performance.

Rutherford backscattering spectroscopy (RBS) and X-ray photoelectron spectroscopy (XPS) were
employed to determine the Si, C, and O content in the SiCxOy materials and they were separated
in three different classes, defined by their composition: SiC-like ([O] < 5 at.%), Si-C-O, and SiO2-
like ([C] < 5 at.%). The compositional evolution of the SiCxOy thin films was plotted in the Si-C-O
ternary diagram of Figure 1a along with the SiCxO2(1−x) (0 < x < 1) line, with the latter
representing stoichiometric silicon oxycarbide without any excess of carbon. The upper and
lower limits in SiCxO2(1−x) correspond to SiC and SiO2, for, respectively, x = 1 and 0 [39, 40].
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As is shown in Figure 1a, the composition of the thermal CVD-grown SiCxOy was properly
tailored to closely follow the pure stoichiometric oxycarbide formula over the whole range of the
synthesis process parameters. The SiCxO2(1−x) behavior observed in the samples produced herein
suggests the substitution of two divalent oxygen atoms by one tetravalent carbon atom as the C
concentration in the SiCxOy materials increases. The latter will be further discussed in Section 3.1.
Furthermore, the observed small deviation from the stoichiometric SiCxO2(1−x) trend suggests
that there is much less excess of C compared to non-stoichiometric compositions reported for
SiCxOy with SiC/SiO2 phases and free carbon, as it is shown in Figure 1 of reference [39].

Due to the presence of methyl groups in the CVD reactants, it is expected to have hydrogen
atoms in the grown silicon oxycarbide thin films whose concentration cannot be quantified by
the RBS or XPS techniques. Instead, the nuclear reaction analysis (NRA) was conducted by
using the 15N + 1H ! 12C + 4He + γ-ray resonant nuclear reaction at 6.835 MeV [41]. Figure 1b
shows the NRA-derived hydrogen concentration measurements of the silicon oxycarbide films
as a function of post-deposition annealing temperature Ta [37]. After the 900°C annealing step,
the hydrogen content is significantly reduced to 5, 2.2, and 4.5 at.%, respectively, for the SiC-
like, Si-C-O, and SiO2-like samples. For annealing temperatures above 1000°C, the hydrogen
content was not detectable (>1 at.%) in all three different types of samples.

The mass density ρ (g/cm3) of thin films was calculated using the elemental compositions
determined by RBS and XPS and the thicknesses measured by scanning electron microscope
(SEM) by employing the following equation:

ρ ¼ D · 1015

d
· 1:66· 10−24

ðASi þ xAC þ yAO þ zAHÞ
ð1þ xþ yþ zÞ ðgr=cm3Þ (1)

where D is the thickness in rump units, which is related to the planar density, d is the film
thickness, ASi, AC, AO, and AH are the atomic weights of Si, C, O, and H, respectively, and x, y,
and z are the normalized fractional contents, respectively, of C, O, and H.

Figure 1. (a) Si-C-O ternary diagram with the compositions of as-deposited (AD) silicon oxycarbide (SiCxOy) materials,
(b) NRA hydrogen depth profiles of the as-deposited SiCxOy and (c) mass density of SiCxOyHz films [22, 37].
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The density of the silicon oxycarbide films was observed to increase with higher annealing
temperature, due at least partly to the reduction in hydrogen concentration, as shown in
Figure 1c. More specifically, the densities of the as-deposited films are 2.8, 2.2, and 2.1 for,
respectively, SiC-like, Si-C-O, and SiO2-like films. After annealing at 1100°C, the densities were
measured to be significantly higher, with values of 3.3, 2.6, and 2.4 g/cm3 for, respectively, SiC-
like, Si-C-O, and SiO2-like films.

2.2. Nanofabrication of silicon oxycarbide nanostructures

SiCxOy nanostructured systems were fabricated by electron beam lithography and reactive ion
etching, namely periodically ordered sub-100-nm nanowire arrays. A representation of the
baseline nanofabrication scheme of the SiCxOy NWarrays is schematically depicted in Figure 2.
Following the synthesis of SiCxOy thin films, negative hydrogen silsesquioxane (HSQ) (6%
HSQ in methyl-isobutyl-ketone solvent) resist is spun onto SiCxOy wafer pieces—deposited on
Si (100)—at 1000 rpm, followed by a bake procedure for 4 min at 80°C. Line patterns are
exposed using electron beam lithography and then the resulting wafer piece is developed in a
chemical solution bath (low concentration (2.38%) of tetramethylammonium hydroxide
(TMAH) developer), yielding 2D-nanowire HSQ patterns. The HSQ patterns then underwent
a hardening annealing process in Ar/N2 ambient at 500°C, followed by a fluorine-based (e.g.,
combination of CHF3 and CF4 gases) anisotropic RIE to transfer the pattern into the SiCxOy

thin films. The HSQ residue is then removed by wet etching in buffered hydrofluoric (BHF)
acid, resulting in periodically well-defined NWs [22].

Pertaining to the NW fabrication, certain samples underwent a sidewall image transfer (SIT)
process which was performed by conformal deposition of a thin silicon carbide (SiC) hard
mask (sidewall layer) on the patterned photoresist followed by anisotropic RIE [23]. This
allowed for a significant reduction of the critical dimensions as, during the SIT process, the
NW width is defined by the thickness of the SiC layer rather than the resolution of the

Figure 2. (a–d) Fabrication steps of the SiCxOy nanowires (NW) using lithography and RIE. The final NW arrays are
shown in SEM image 1 and (e–h) fabrication steps of the SiCxOy nanowire (NW) arrays using the SIT method by SiC
conformal deposition on the resist followed by RIE to open the SiC top layer, wet etch to remove the resist, and RIE. The
final NWarrays made by SIT are shown in SEM image 2.
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lithography step. The SiCxOy NWs underwent different post-fabrication thermal treatments
for up to 2 h at annealing temperatures in the range of 50–700°C in Ar, O2, or forming gas (5%
H2 and 95% N2) atmospheres.

3. Bonding configuration of silicon oxycarbide materials and nanowires

3.1. Fourier transform infrared spectroscopy (FTIR) characterization of silicon oxycarbide
thin films

Figure 3a shows the Fourier transform infrared spectroscopy (FTIR) data of SiCxOy thin
films in the 400–1700-cm−1 range. The spectra are characterized by three absorption bands
and a shoulder assigned to the Si-O-C rocking, Si-C stretching, and Si-O transverse and
longitudinal-stretching vibration modes, centered at, respectively, ~440, ~800, ~1000, and
~1150 cm−1 [22, 37, 38].

More specifically, the Si-O-C vibration mode (~440 cm−1) is caused by the ≡Si-O-Si≡ rocking
mode due to out-of-plane motion of O in O(3−x)Cx≡Si-O-Si≡CyO(3-y) and is unaffected by the Si-
O-Si-bridging bond-angle variation [42–45]. For samples with C content higher than 20 at.%,
the density of ≡Si-O-Si≡-bonding groups decreased significantly, as dictated by the SiCxO2(1−x)

stoichiometry, suggesting that the backbone-bonding network related to the SiO4 tetrahedral
in SiCxOy changed toward SiC-like structures with significant presence of SiC4 tetrahedral. The
replacement of O atoms by C atoms with increasing C content in films is reflected in the
monotonic increase of the bond area ratio of [Si-C] and [Si-O] as clearly depicted in Figure 3b.

Figure 3. (a) The FTIR absorption spectra of the AD SiCxOy and SiO2 control in the 400–1700 cm−1 range. The peak
positions of the AD SiCxOy appear red-shifted compared to the SiO2 control, due to the incorporation of less electroneg-
ative C, (b) the [Si-C]/[Si-O] bond-area ratio plotted as a function of the C/O content ratio showing a linear increase with
increasing C/O and (c) the Si-O-Si bond angle of the bridging O atom in the SiCxOy [22].
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Additionally, incorporation of the less electronegative C atoms leads to a reduced Si-O-Si bond
angle between tetrahedral (see Figure 3c) [30, 44]. As a result, the density of the as-grown films
is expected to increase with increasing C content, which is in agreement with the density
values shown in Section 2.

Figure 4 displays the FTIR spectra collected in the range from 400 to 2300 cm−1 for the three
classes of as-deposited silicon oxycarbide materials and for their annealed counterparts at 900
and 1100°C [37].

Deconvolution of the FTIR spectra reveals several bonding components in the as-deposited
SiCxOy material systems [30, 37, 45, 46]. In particular, the deconvolution of the absorption
bands in the range of 400–1400 cm−1 for the SiC-like film indicates the presence of a weak C-H
mode at ~530 cm−1, a major Si-C-stretching absorption mode at ~764 cm−1, and a shoulder
assigned to the Si-O-stretching mode at ~960 cm−1. The hydrogen-related absorption bands (Si-
H and C-H) are located at ~2100 and 2900 cm−1, respectively. Finally, the absorption observed
at ~1846 cm−1 is attributed to a C-O-stretching mode.

As seen in Figure 4b, the IR spectrum of Si-C-O film has three characteristic absorption band
regions, originating from the Si-C and Si-O functional groups [37]. In comparison to the SiC-
like matrix films, a new absorption peak is seen at ~440 cm−1, attributed to the Si-O-C vibration
mode discussed above. The IR region from 600 to 1300 cm−1 is broader compared to that in the
SiC-like films, and its deconvolution shows the presence of four peaks centered at 663, 816,
1002, and 1114 cm−1 attributed to Si-C-H, Si-C stretching, and to the transverse optical (TO)
and longitudinal optical (LO) asymmetric Si-O-stretching modes, respectively. Compared to
the SiC-like films, the position of the Si-C absorption peak shifted from 764 to 816 cm−1, owing
to the addition of more electronegative O atoms in the network [47].

The FTIR absorption spectrum of the SiO2-like film is characterized by an intense Si-O-Si mode
(rocking), centered at ~440 cm−1: a Si-O mode (bending) located at ~815 cm−1, and an intense Si-
O vibration mode (stretching) at ~1100 cm−1. The hydrogen-related vibration modes for C-H
and O-H are observed at, respectively, ~2900 cm−1 and in the 3100–3700-cm−1 range.

Figure 4. IR absorption spectra for the as-deposited, 900°C-, and 1100°C- annealed (a) SiC-like, (b) Si-C-O, and (c) SiO2-
like samples [37].
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The findings outlined above describe the evolution of the as-deposited films from silicon
carbide-like to silicon dioxide-like films as the amount of C decreases. Regarding the annealed
samples up to 700°C, the IR absorption behavior remains similar to the case of their as-
deposited counterparts, and it is worth mentioning that changes took place at annealing
temperatures beyond 900°C [44−46].

In the case of the SiC-like sample annealed at 900°C (Figure 4a), the Si-C- and Si-O-stretchingmodes
show minor changes. However, both hydrogen-related modes appear with reduced intensities, as
expected from theNRA results shown in Figure 1b. After the 1100°C annealing, the Si-C absorption
band increased drastically in intensity and its line shape changed fromGaussian tomix of Gaussian
andLorentzian, suggesting the presence of longer-range order (Lorentzian). Additionally, all hydro-
gen-related vibrationmodes are no longer present in the films owing to hydrogen desorption.

Similarly, for the 900°C-annealed Si-C-O a small intensity increase of the Si-C-stretching mode
was observed, while further annealing at 1100°C led to an overall absorption intensity increase
accompanied with a blue shift of the Si-O stretching (Figure 4b). Finally, the annealing studies
on the SiO2-like material (Figure 4c) revealed a significant intensity increase of the Si-O-Si-
rocking and the Si-O-stretching modes.

The bond density is directly proportional to the area of the IR band absorption, and can be
estimated as in reference [37] using the inverse absorption cross section found in literature (3 ·
1019 cm−2 for Si-C [48], 1.4 · 1020 cm−2 for Si-H [49], and 1.35 · 1021 cm−2 forC-H [50, 51]). The Si-C
bonddensity for the as-deposited SiC-like sample is ~2.2 · 1023 cm−3while for the as-deposited Si-
C-O sample is ~5.5 · 1022 cm−3. The dependence of Si-C bonddensitywith annealing temperature
for both SiC-like and Si-C-O is presented in Figure 5a. It shows a constant concentration up to 700°
C annealing temperature. At higher temperatures, the Si-C bond concentration increases owing to
the densification of the materials and hydrogen desorption, which contributes to the increased
availability of Si andCatoms formerly bonded to hydrogen. Indeed, as seen inFigure 5b, the bond
density of the Si-H and C-H bonds decreases with annealing temperature Ta ≥ 900°C for both
classes ofmaterials.

As shown in Figure 5c, the total concentration of hydrogen atoms as determined by the NRA
measurements is greater than the total content of hydrogen as calculated by FTIR. Each H-
related bond corresponds to one H atom; therefore, the H-related bond density corresponds to
the H atomic density. The total atomic density is determined by RBS measurements. This
finding suggests that some H atoms are incorporated during CVD growth and are not chem-
ically bound to other elements. These non-bonded H atoms may be present in the form of
molecular hydrogen formed during the decomposition of the precursor [37].

3.2. FTIR characterization of silicon oxycarbide nanowires

Large SiCxOy NW structures were fabricated on intrinsic Si substrates in order to perform
bonding configuration analysis [22]. The normalized absorbance FTIR spectra of both the as-
deposited SiC0.34O1.52 thin film and the as-fabricated NWs are shown in Figure 6. It was found
that the bonding configuration of the SiC0.34O1.52 NW system was maintained after
nanofabrication as the relative intensities of Si-C and Si-O absorption bands remained the

Modern Technologies for Creating the Thin-film Systems and Coatings284



The findings outlined above describe the evolution of the as-deposited films from silicon
carbide-like to silicon dioxide-like films as the amount of C decreases. Regarding the annealed
samples up to 700°C, the IR absorption behavior remains similar to the case of their as-
deposited counterparts, and it is worth mentioning that changes took place at annealing
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classes ofmaterials.
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measurements is greater than the total content of hydrogen as calculated by FTIR. Each H-
related bond corresponds to one H atom; therefore, the H-related bond density corresponds to
the H atomic density. The total atomic density is determined by RBS measurements. This
finding suggests that some H atoms are incorporated during CVD growth and are not chem-
ically bound to other elements. These non-bonded H atoms may be present in the form of
molecular hydrogen formed during the decomposition of the precursor [37].

3.2. FTIR characterization of silicon oxycarbide nanowires

Large SiCxOy NW structures were fabricated on intrinsic Si substrates in order to perform
bonding configuration analysis [22]. The normalized absorbance FTIR spectra of both the as-
deposited SiC0.34O1.52 thin film and the as-fabricated NWs are shown in Figure 6. It was found
that the bonding configuration of the SiC0.34O1.52 NW system was maintained after
nanofabrication as the relative intensities of Si-C and Si-O absorption bands remained the
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same with respect to the as-deposited thin film. A slight absorption increase of the Si-O
shoulder at ~1200 cm−1 may be due to surface oxidation induced on the as-synthesized NWs.

3.3. XPS characterization of silicon oxycarbide thin films

The information about the bonding configuration in silicon oxycarbide thin films extracted by
the means of FTIR analysis was also independently assessed by XPS studies [37]. The XPS
analysis focused on examining the electronic environment (chemical bonding) of the Si 2p, C
1s, and O 1s core energy.

Figure 6. FTIR absorbance spectra of SiC0.34O1.52 thin film and its 70-nm-width NWarray counterpart. Upper inset: SEM
image of the NW array used for FTIR measurements (36 blocks of 490 · 490 μm2 NW arrays). Lower inset: The
conservation of the structural characteristics is also observed in the C=O vibration mode at ~1900 cm−1, which remained
unchanged [22].

Figure 5. (a) Bond density of Si-C, Si-H, and C-H bonds as a function of annealing temperature for the SiC-like films, (b)
bond density of Si-C and C-H bonds as a function of annealing temperature for the Si-C-O films and (c) total atomic
concentration of H, as obtained by means of NRA and FTIR for the SiC-like and Si-C-O samples [37].
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In the case of the as-deposited samples, the Si 2p spectrum of the SiC-like matrix (Figure 7) is
composed of a center peak at 100.3 eV assigned to Si-C bonds and two shoulders centered at
99.2 and 101.2 eV assigned to Si-H- and Si-C-O-type bonding [37, 52]. In the case of the Si-C-O
material, the Si 2p peak broadened and shifted to higher binding energies. The peak
deconvolution showed the presence of three components centered at 100.8, 102.1, and 103.2
eV which are attributed to the Si-C, Si-C-O, and Si-O bonds, respectively [37, 46, 52]. This result
agrees with the FTIR findings where, for both Si-C- and Si-O-stretching modes, the vibration
frequencies increased with increasing O content (incorporation of more electronegative atom).

In the case of the as-deposited SiO2-like material, the Si 2p spectrum shifted to even higher
binding energy and yielded two peaks centered at 102.3 and 103.5 eV which are related to two
different Si-O electronic configurations [37, 53, 54].

4. Optical properties of silicon oxycarbide materials

The structural evolution of the as-deposited silicon oxycarbide materials along the SiCxO2(1−x)

stoichiometry was also reflected in their optical properties. The evolution of the index of
refraction and the optical gap as a function of the C content of the materials and upon
annealing treatments will be addressed in the following subsections.

4.1. Refractive index

The refractive index (n) of SiCxOy is found to exhibit a linear relationship with increasing the
[Si-C]/[Si-O] bond area ratio (Figure 8a). The linear increase of n versus [Si-C]/[Si-O] over the

Figure 7. XPS spectra of the Si 2p peaks for the as-deposited SiC-like, Si-C-O and SiO2-like samples [37].
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range analyzed is found to be partly associated with an increase of mass density in SiCxOy

with increasing [Si-C]/[Si-O] [37]. To understand this behavior, someone can correlate the
refractive index (n) or the dielectric constant (ε = n2) with the structural parameters through
the Lorentz-Lorenz (L-L) equation [55].

The FTIR measurements in Figure 3 show a decrease in the Si-O-Si bond angle with C
addition, which is expected considering the difference in the electronegativity between C
and O. The mass density and Si atomic content (Si atoms possess higher electronic polariz-
ability than O) of samples with higher carbon concentration is larger as opposed to SiO2-like
samples [56]. It is therefore suggested that the increased index of refraction with increasing
[Si-C]/[Si-O] ratio is due to the variations in bond angles, larger mass density, and higher Si
content. Further increase of the refractive index of all three classes of silicon oxycarbide
materials is also observed upon post-deposition annealing beyond 900°C (Figure 8b). This
behavior is expected considering the densification of SiCxOy materials upon annealing as
shown in Figure 1c [22, 37].

4.2. Optical gap

The observed increase in the refractive index n, as C concentration increases along the SiCxO2(1−x)

stoichiometry, correlates well with the decrease in the optical gap of the films. For example, the
E04 gap, which corresponds to the energy where the absorption coefficient (α) is equal to 104

cm−1 (α(E04)= 10
4 cm−1), is found to decrease with increasing [Si-C]/[Si-O] ratio (Figure 9a). The

Tauc optical gaps, Eg, were also calculated from the optical absorption measurements using
Tauc’s law, (αhν)1/2 = B1/2(hv-Eg), where α is the absorption coefficient and hν is the photon
energy [38].

Figure 8. (a) The index of refraction at 800 nm of different SiCxOy given as a function of the [Si-C]/[Si-O] bond-area ratio.
The solid line is the linear fit of the displayed data and (b) plot of index of refraction (n) at 800 nm as a function of
annealing temperature [22, 37].
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Similar to E04, the Eg values decrease with increasing [Si-C]/[Si-O]. This behavior can be
explained by considering the larger splitting energy difference between the bonding and anti-
bonding electronic states in Si-O bonds in comparison to Si-C bonds [22, 38, 57].

In addition, as seen in Figure 9a,E04 values are generally higher than theirEg counterparts, similar
to other hydrogenated disordered systems [58]. This could be explained by taking into account
that Tauc’s optical gap refers to the optical transitions between extended states close to the band
edge, while E04 is related to transitions of the extended states away from the band edge [38, 58].

As seen in Figure 9b, both the E04 and Eg gaps decrease with increasing annealing tempera-
ture. It is worth mentioning that the decrease in the optical gap is more pronounced in the
films with higher O concentration. For example, the decrease of the Tauc gap values between
the as-deposited and post-1100°C annealed films are ~0.5, ~0.6, and ~1.4 eV for, respectively,
the SiC-like, Si-C-O, and SiO2-like classes of SiCxOy. It is suspected that the possible precipita-
tion of carbon in the high O-containing systems could be responsible for this phenomenon at
high annealing temperatures. The Si-C bond length (~1.88 Å) is longer than the Si-O bond
length (~1.63 Å). Consequently, a high degree of strain may accumulate in the Si-C sites within
the SiO2 network (e.g., in the SiO2-like sample with <5 at.% C). Thermal annealing may result
in strain relaxation, with the subsequent structural rearrangements perhaps favoring the
formation of carbon clusters, as reported in a previous study [59]. Their optical gap values
may vary between ~0.6 and 3 eV, depending on the cluster size [58, 60]. Consequently, it would
be expected that the precipitation of carbon in O-rich samples (e.g., SiO2-like) could be rela-
tively facile, with the optical gap in these samples decreasing more rapidly with increased
annealing temperatures.

Furthermore, the decrease in optical gap with increased annealing temperatures seems to corre-
late well with the loss of hydrogen. As seen in Figure 9c, hydrogen reduction is accompanied by

Figure 9. (a) E04 and Eg energy values for different SiCxOy materials versus the [Si-C]/[Si-O] bond-area ratio, (b) E04

(spheres) and Eg (circles) values with annealing temperature and (c) E04 values as a function of H content in the films [22,
37].
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a decrease in the energy band gap in the annealed SiCxOy films. The presence of Si-H bonds
(~2000 cm−1) can be an indication of dangling-bond passivation in the material, while the
presence of other hydrogen-bonding configurations may be responsible for forming recombina-
tion centers and increasing the degree of structural disorder [61, 62].

In the as-deposited high C content samples, the Si-Hn stretching mode is found at ~2100 cm−1

(insets of Figure 4(a–c)). These peaks are attributed to Si-H-related bonds [63, 64]. Considering
the absence of any Si-Hn bonding (2000–2200 cm−1) in the Si-C-O- and SiO2-like samples, it is
suggested that any dangling bonds in the films remained unsaturated, resulting in enhanced
structural disorder. Furthermore, hydrogen desorption upon annealing would likely contrib-
ute to the formation of additional dangling bonds and defect states, which lead to the
increased density of localized states below the mobility edge, thereby decreasing the optical
gap. This mechanism seems to be taking place in all thermally grown CVD SiCxOy films in this
study.

4.3. Structural disorder and dangling bonds

Regarding the electronic structure of amorphous materials, it is common to expect the presence
of band-tail states and localized defect states. These states exist due to the structural disorder
in materials and may have a significant effect on the material’s performance even at low
concentrations. Therefore, it is important to elaborate on the degree and impact of structural
disorder in the CVD-grown SiCxOy systems.

As it was discussed earlier, thermal annealing causes lowering of the optical gap owing to the
increased optical absorption observed in the SiCxOy materials grown by CVD. The latter is true
even at photon energies well below the optical gaps. The enhanced sub-band-gap absorption is
a result of an increased density of band-tail states and localized defect states [31]. One of the
proposed mechanisms responsible for the increased density of band-tail states upon annealing
is the annealing-induced enhanced bond-angle disorder due to structural reconfiguration and/
or strain relaxation [65]. In this context, the FTIR full-width half maximum (FWHM) values for
both the Si-O- and Si-C-stretching modes in the TCVD SiCxOy films, with the exception of the
1100°C-annealed SiC-like sample, increased after annealing, suggesting that thermal treat-
ments indeed enhance bond-angle distortion (see Figure 4(b and c)).

In the case of SiC-like material annealed at 1100°C, the FTIR spectrum shown in Figure 4a
suggests that a significant amount of crystallization takes place resulting in the Lorentzian line
shape of the infrared absorption band. This suggests that the bond-angle disorder is dramati-
cally reduced. However, the optical absorption for the SiC-like films annealed at 1100°C is
further increased compared to its as-deposited counterparts [38]. This suggests that, in addi-
tion to bond-angle variation, a different type of disorder is also present. Such behavior is
known for amorphous covalent materials where both topological and compositional disorders
are present simultaneously [66].

Furthermore, the deviation of the CVD-grown SiCxOy films from the purely stoichiometric
SiCxO2(1−x) shown in the ternary diagram of Figure 1 suggests that there is a small excess of
carbon that can form homonuclear bonds upon annealing. Also, this deviation increases for
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high C concentration materials, toward the SiC-like class regime. The electronic states associ-
ated with the homonuclear bonds would exist as localized states within the gap due to their
relatively weak bond strength [67, 68].

In this context, electron paramagnetic resonance (EPR) studies on SiCxOy materials, grown by
CVD, showed the presence of unpaired electrons (dangling bonds) [5]. The same study
proposed that one of the major EPR signals may be originated from (≡Si-)3C

• radicals or
associated defects with different backbone atoms bonded to C atom, such as in C-Si-O
configuration [69]. The SiCxO2(1−x) stoichiometry trend of SiCxOy (SiCxO2(1−x)) suggests that
two divalent oxygen atoms are replaced by one tetravalent C, further supporting the presence
of (≡Si-)3C

• radicals in our films, originating from oxygen incorporation into (≡Si-)4C struc-
tures. Consequently, the density of such radicals is expected to increase following thermal
oxidation of (≡Si-)4−nCHn groups, as it was observed, which have not been completely
dehydrated during the film deposition [70]. Similarly, the oxidation of (≡Si-)4−nCHn groups
with one or two back-bonded C atoms to Si may also lead to an increased density of Si-
dangling bonds in SiCxOy. Such dangling bonds may also contribute to the formation of
band-tail states in SiCxOy [5].

5. Photoluminescence properties of silicon oxycarbide thin films and
nanowires

5.1. Visible luminescence emission from SiCxOy thin films

The room-temperature photoluminescence spectra for SiCxOy samples with different C con-
centrations under excitation at 300 nm are shown in Figure 10a. The spectra are characterized
by a broad emission in the whole visible range (350–800 nm). The photoluminescence excita-
tion (PLE) intensity (Figure 10b) shows the presence of a shoulder at low excitation energies
(<3.5 eV) and a steep increase at high excitation energies (>~3.7 eV). This was fit linearly and
the intercept of the fitted line at the photon energy abscissa was taken as the PLE edge. As
shown in Figure 10c, a strong correlation was observed between the values of E04 and the PLE
edge, suggesting that the PL emission energy in the SiCxOy samples may be related to their
optical gap [5].

Based on optical, FTIR characterizations, passivation experiments and electron paramagnetic
resonance measurements, defect-related mechanisms and small sp2-carbon clusters that
could be attributed to white luminescence from SiCxOy thin films were excluded [3, 5]. For
example, structural defects typical seen with EPR measurements in silicon oxides, which
cannot be explicitly controlled by material processing and are not directly related to the
stoichiometry and material characteristics, such as Si-related neutral oxygen vacancies or
non-bridging oxygen-hole centers, were ruled out. Instead, the observed intense white lumi-
nescence originates from the recombination of photogenerated carriers between the energy
bands and at their tail states associated with the Si-O-C/Si-C bonds, as indicated by the direct
correlation between the integrated luminescence intensity and the Si-O-C bond density (see
Figure 11) [3].
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On this, the integrated red and green PL emission bands were added and their normalized
integrated values were plotted along with the intensity of the red-shifted Si-O-rocking (related
to Si-O-C bond density) mode as a function of C content (Figure 11) [3]. A strong correlation
between the emitted luminescence and the Si-O-C bond density in SiCxOy was revealed. This
suggests that the emitted luminescence can be directly associated with the Si-O-C structure in
the materials [5]. Additionally, the PL/PLE analysis revealed a strong similarity in the PLE
behavior for the green/blue band emissions between the SiC control and SiCxOy, suggesting

Figure 10. (a) PL emission spectra from as-deposited (AD) SiCxOy thin films (4.13 eV excitation, ~300 μW), (b) normalized
PLE spectra of the AD SiCxOy samples at the PL maxima. The linear fits (dashed lines) of the steep increase of the PLE
intensities are shown along with the intercept of these straight lines at the excitation energy (PLE-edge values), and (c) E04

and PLE-edge energy values of SiCxOy thin films versus C [5].

Figure 11. Normalized integrated red and green PL emission bands and the integrated FTIR absorption of Si-O-C
functional group at ~440 cm−1. Inset: FTIR absorptions of the Si-O-C-rocking mode in film [5].

Silicon Oxycarbide Thin films and Nanostructures: Synthesis, Properties and Applications
http://dx.doi.org/10.5772/66992

291



that C-Si/C-Si-O bonding may be also responsible for the excitation path of the observed
luminescence in SiCxOy.

5.2. Band-tail recombination model

Representative forming gas-annealed SiCxOy samples were additionally studied with means of
PL and PLE analyses as presented in Figure 12 [22].

The evolution of the PL peak position in SiCxOy was supported by the band-tail states recom-
bination model, typical of amorphous materials [71]. Upon excitation, the photogenerated
carriers thermalized to lower energies associated with band edges (hopping edge) before they
recombined radiatively (energy plateau in Figure 12b). The PL peak position increased with
the excitation energy up to the Eexc,on value, as the electron population at high-lying band-tail
levels of the conduction band increasing with higher excitation energy. The red shift of Eexc,on

seen with increasing C content in SiCxOy can be ascribed to the observed linear decrease of the
optical gap (Eg) with increasing [Si-C]/[Si-O] and their values almost coincide with the Eg

values of the films [22].

PL dynamics experiments showed a fast decrease of the PL intensity, suggesting the existence
of fast recombination mechanisms in SiCxOy, and the PL decay spectra followed a stretched
exponential law [23]. These findings further support a band-tail states recombination model,
in which carriers recombine by tunneling between spatially separated conduction and
valence band-tail states. Due to the diffusivity/tunneling of the photogenerated carriers
during thermalization in the band-tail states before they recombine and the inhomogeneous

Figure 12. (a) Steady-state PL of the FG-annealed SiCxOy with 12 at.% C content (SiC0.34O1.52) under varying excitation
photon energies (Eexc). The PL intensity increased monotonically by two orders of magnitude with Eexc, suggesting that
the efficiency of photo-carrier generation increases with Eexc, (b) room-temperature steady-state PL peak position depen-
dence on excitation energy of SiCxOy thin films of varying carbon concentrations. With increase in excitation energy, the
PL peak-emission-position blue-shifts until ~Eexc,on (red-dotted line is used as a guide to the eye). Hopping edges are
indicated by horizontal black dotted lines and (c) Eg calculated from Tauc’s law and Eexc,on values as a function of [Si-C]/
[Si-O] bond ratio [23].
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indicated by horizontal black dotted lines and (c) Eg calculated from Tauc’s law and Eexc,on values as a function of [Si-C]/
[Si-O] bond ratio [23].
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constitution of the band-tail states related to C-Si/Si-O-C bonding, where each state contrib-
utes with a slightly different PL lifetime, a distribution of lifetimes is expected, hence the
stretched exponential behavior. This is inherent in disordered semiconductors, such as amor-
phous Si:H, C:H, SiCx, and SiNx, due to the broad and variable spatial density of these states
[72–74].

To further elucidate on the band-tail states recombination model in SiCxOy, the PL lumines-
cence decay at different emission energies was additionally investigated. The time evolution of
the PL line shape is presented in Figure 13a. It can be seen that during the first 1 ns of the
luminescence decay, the integrated intensity substantially decreased and a red shift, equal to
ΔE = 0.31 eV, in the PL emission peaks occurs for the SiCxOy thin film with 12 at.% C. This red
shift is found to be less for samples with higher C concentration [23].

Furthermore, the PL lifetimes increased as the emission energy was decreased, in agreement
with electron-hole (e-h) hopping within lower-energy tail states, as the rate of thermalization
decreases significantly due to the rapidly decreasing density of band-tail states [75]. Similar
behavior was observed in amorphous semiconductors where the luminescence lifetime
increase is attributed to e-h hopping [74]. Upon FG annealing, the average lifetimes exhibited
higher values compared to their as-deposited counterparts (Figure 13c). Furthermore, the
integrated PL intensity of the FG-annealed films increased significantly along with a blue shift
in peak position (e.g., six times for the sample with 21 at.% C with 0.2 eV blue shift). This
change in lifetimes and PL intensity can be attributed primarily to the passivation of non-
radiative recombination centers present in lower-energy portion of the band-tail states of the
as-deposited films.

The increase in the luminescence lifetime in SiCxOy with low C content can be attributed to the
decrease of non-radiative recombination paths compared to their high C content counterparts.
As the SiCxOy composition evolves from SiC-like to SiO2-like, a decrease of the local disorder is

Figure 13. (a) Time evolution of PL spectrum of SiC0.34O1.52 (Eexc = 3.06 eV). The number associated with each spectrum
indicates the elapsed time (in nanoseconds) after excitation. (b) Raw data of PL decay transients of SiC0.34O1.52 film at
different emission energies (IRF in black). (c) Average lifetimes of FG-annealed SiCxOy films with different C contents at
different emission energies. The average lifetimes of the as-deposited (AD) SiCxOy films with 12 at.% C and 21 at.% C are
also shown (gray symbols) [23].
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expected. As presented above herein FTIR measurements suggest that the degree of bond-
angle disorder decreases with decreasing C content in the chemically grown SiCxOy films.

Additionally, it is expected that in the case of high C content samples, the density of band-tail
states should increase as indicated by their increased sub-bandgap absorption [15, 76]. There-
fore, for SiCxOy films with higher C content (C >14 at.%), a higher density of band-tail states
and enhanced disorder is expected, which results in faster thermalization of the
photogenerated carriers yielding higher decay rates and a tighter lifetime distribution
(Figure 13b) [23].

5.3. Visible luminescence from SiCxOy nanowires

Figure 14a and b shows the normalized room-temperature PLE and PL emission spectra of
SiC0.34O1.52 nanowire arrays. To better understand the visible light emission in SiCxOy NWs,
their PL and PLE properties were explored in conjunction with data from the thin film of the
same composition. The PL emission spectrum of SiC0.34O1.52 NWs exhibits broadband charac-
teristics ranging from blue to deep red, while the PLE spectrum monitored at the peak
luminescence emission (~550-nm) spans from near-UV to blue/green regions of the spectrum.

PLE analysis suggested that the observed luminescence from SiCxOy NWs is related to radia-
tive recombination of photo-excited carriers in band-tail states associated with C-Si/Si-O-C-
bonding groups [5, 22]. Furthermore, a supplementary mechanism, in addition to the pro-
posed band-tail states recombination process, may be needed in order to take into account the
reduced dimensionality of SiCxOy NW. In the case of the NW structure with spatially confined
volume, the statistics of the lowest energy states due to Si-C bonds may be excluded [77].
Furthermore, by nanostructuring the recombination volume is reduced, thus, the tunneling

Figure 14. (a) Room-temperature PLE spectra of 120-nm-thick SiC0.34O1.52 thin film and its corresponding NWs measured
at its emission peak. Almost identical PLE emission spectra between NWs and thin films were observed, suggesting that
there is no change in the excitation path and emission origin of the observed luminescence in SiC0.34O1.52 nanowires, (b)
ensemble steady-state normalized PL spectrum of the SiCxOy NWs array along with the normalized PL spectrum of its
thin film analog (Eexc = 4.1 eV) and (c) average lifetimes of the SiCxOy NWarray with 12 at.% C and its thin film analog at
different PL emission energies [22, 23].
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probability of a carrier between adjacent states at similar energy is expected to decrease.
Consequently, the carriers will be exposed to a smaller number of non-radiative sites [23, 77,
78], resulting in enhanced PL efficiency, PL blue shift, and faster lifetimes with a tighter
distribution as observed in SiC0.34O1.52 (12 at.% C) (Figure 14c). However, it is important to
emphasize that the effects of NW-related surface recombination and optical scattering may not
be ruled out.

5.4. Photo-stability upon thermal oxidation and excitation power density

In addition to PL and PLE studies, the luminescence performance of the SiC0.34O1.52 NWarrays
was investigated as a function of oxidation temperature and excitation power density [22].

The oxidation treatments up to 250°C (Figure 15a) did not cause any change in the composi-
tion and bonding configuration of the SiC0.34O1.52 material. Consequently, the emission inten-
sity and line shape, from SiC0.34O1.52 nanostructured arrays, did not reveal any changes,
suggesting the absence of luminescence degradation due to thermal oxidation. This stability
can be attributed to the similarity of the oxidation rates and activation energies of SiCxOy

materials to those of SiC [79]. Hence, SiCxOy materials (with higher carbon content) appear to
be significantly more resistant to oxidation annealing, compared to its SiO2-like counterparts
(with very low carbon content) [3].

The excitation power dependence study (Figure 15b) showed a linear behavior in the inte-
grated PL with respect to the power density (up to ~800 W/cm2). Similar to the thermal-
oxidation study, the peak position and the line shape of the PL in the nanowires remained
unchanged, suggesting good emission stability at high excitation intensity [22]. The latter is
more supporting evidence suggesting the absence of defect-related localized emission in the
proposed origin of the visible luminescence from SiCxOy nanowires, as no PL saturation at
high powers was observed (e.g., due to state filling of the localized states) [80, 81].

Figure 15. (a) PL spectra of the AD and 2-h-oxygen-annealed SiC0.34O1.52 NW at various temperatures (excitation
wavelength λexc = 457 nm). The inset shows the integrated PL intensity versus annealing temperature and (b) room-
temperature PL spectra of the 70-nm-width SiC0.34O1.52 NWs for different CWexcitation probing power densities (excited
at the λexc = 457.9 nm of an Ar ion laser). The inset shows the linear behavior of the integrated PL intensity as a function of
the excitation power density [22].
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6. Concluding remarks

The optical and luminescence properties of silicon oxycarbide thin films and nanostructured
(e.g., NW) arrays are correlated to their synthesis routes, structural properties, and bonding
configuration. The composition of the chemically CVD-grown SiCxOy thin films approximate
the SiCxO2(1−x) (0 < x < 1) stoichiometry. The index of refraction increases linearly as the [Si–C]/
[Si–O] bond-area ratio increases, accompanied by a linear decrease of the optical gap. The
white (red, green, and blue) emission can be achieved simultaneously from the same SiCxOy

film following a single-deposition process, without the complications encountered in the case
of using nanocrystals (e.g., Si, SiC). In particular, it was determined that the white PL emission
of SiCxOy thin films is strong enough to be seen with the naked eye under bright room
conditions. Based on the PL, FTIR, and EPR analyses, typical structural defects in oxides were
ruled out as the mechanism for white luminescence from SiCxOy. Instead, the observed intense
visible luminescence originates from the recombination of photo-generated carriers between
the energy bands and at their tail states associated with Si-O-C/Si-C bonds. In this regard, the
potential advantages offered by our proposed approach of SiCxOy thin films and NWs range
from color tunability, thermal/photo-stability to enhanced light extraction efficiency and from
cost reduction to environmental considerations. To this end, these compelling behaviors may
provide a pathway for further controlling and enhancing the thermal stability and PL yield of
white light emission from such films and nanostructured materials through optimal engineer-
ing of Si-O-C/Si-C bonds in the matrix.
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Abstract

The high-quality InN epifilms and InN microdisks have been grown with InGaN buf-
fer layers at low temperatures by plasma-assisted molecular beam epitaxy. The samples 
were analyzed using X-ray diffraction, scanning electron microscopy, high-resolution 
transmission electron microscopy, and photoluminescence. The characteristics of the InN 
epifilms and InN microdisks were studied, and the role of InGaN buffer was evaluated.

Keywords: InN microdisk, InGaN buffer, Molecular beam epitaxy

1. Introduction

III-Nitride semiconductor compounds have been extensively studied for applications in opto-
electronic devices, such as solar cells and light emitting diodes (LEDs) [1–5]. The wide direct 
band-gap gallium nitride (GaN) and aluminum nitride (AlN) compounds, with energy gaps 
covering the ultraviolet spectrum, are the dominant materials for solid-state lighting devices 
and have been well studied to date. The molecular beam epitaxy (MBE) technique can be used 
to grow a thin epifilm in an ultrahigh vacuum (~10−10 torr) and low temperature condition [6]. 
Under such conditions, materials in the effusion cells of the MBE system are heated and they 
move toward the substrate to form epitaxial high purity films. The low-temperature condition 
is crucial to grow the compounds with a low volatilized temperature (such as In atom, 650°C). 
Because of the improvement of InN films grown by MBE, the direct band-gap of the indium 
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nitride (InN) compound was demonstrated with the value of 0.64 eV rather than 1.9 eV [7, 8]. 
This important finding indicated that one can tune the band-gap energy to achieve the full-
color spectrum (red, green, and blue) devices by changing the III-group alloy ratio without 
any phosphor. Besides, InN is a high potential material in optoelectronic applications due to its 
outstanding material properties, such as the smallest effective mass, the highest peak and satu-
ration electron drift velocity, and the largest mobility among the nitride semiconductors [9, 10].

On the other hand, the development of the full-color spectrum micron LED is very important 
for the high-resolution display. The general method to fabricate micron LED is etching process 
to reach micro scale. However, it is not easy to downsize to 1–10 μm by etching process. In 
order to fabricate micron LED, a suitable micron growth base is the top priority. In recent years, 
the growth and characteristics of InN nanowire on Si (1 0 0) by the vapor-liquid-solid mecha-
nism and on Si (1 1 1) by plasma-assisted molecular beam epitaxy (PA-MBE) were reported 
[11–13]. The wire diameter was less than 100 nm. In our previous work, we have grown the 
high-quality self-assembled c-plane GaN (0 0 0 1¯) hexagonal microdisks with a diameter of 4 
μm on γ-LiAlO2 (LAO) substrates. The diameter of microdisk can be adjusted to optimize the 
quantum effect for nanodevice applications [5]. Besides, we developed a back process to fabri-
cate an electrical contact for the GaN hexagonal microdisk on a transparent p-type GaN tem-
plate [14]. Consequently, the InN microdisk provides an opportunity to fabricate the InGaN/
GaN microdisk quantum well for the application of full-color micron LED without the sap-
phire substrate, which is mostly used for the bulk GaN-based quantum wells in commercial 
LEDs but has a large lattice mismatch with InN [1, 2]. In this chapter, we will show the growth 
of InN (0 0 0 1¯) hexagonal thin wurtzite microdisks on the γ-LAO substrate by PA-MBE.

2. High-quality InN epifilms

2.1. InGaN buffer layer

When engineering the band structure of III-nitrides, it is difficult to grow high-quality InN 
thin film due to the low decomposition temperature of InN (<600°C) and the large lattice mis-
match between InN and common substrates (e.g., sapphire or silicon) [15]. Therefore, deter-
mining an appropriate substrate for the growth of high-quality InN film is one of the main 
issues in the fabrication of full-color optoelectronic devices. The lattice mismatch between 
InN (a = 0.3537 and c = 0.5704 nm) and sapphire (a = 0.4785 and c = 1.2991 nm) on the c-plane 
is about 26.1%.

The initial methods prior to InN growth, including substrate nitridation and buffer layer 
deposition, have very important effects on the growth of high-quality InN films with a flat 
surface on a sapphire substrate. Xiao et al. grew InN films with 20 min nitridation and a low-
temperature InN (LT-InN) buffer layer. By X-ray diffraction (XRD) and room temperature 
photoluminescence (PL) analyses, it was found that these InN films grown with LT-InN buffer 
layer have better quality than those without LT-InN buffer layer [16].

Meanwhile, Saito et al. reported the growth of InN films on sapphire with 1 hour nitrida-
tion and low-temperature intermediate InN buffer layers, and they found that the growth 
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of thicker InN with a uniform surface was very difficult without intermediate layers and the 
electron mobility was improved by improvement of surface flatness [17]. Besides, Lu et al. 
studied the effect of an AlN buffer layer on the epitaxial growth of InN on the sapphire 
substrate by MBE and found that by using the AlN buffer layer, the structural and electri-
cal properties of InN could be greatly improved. It was also found that a thicker AlN buffer 
layer was preferred when growing the InN epilayer, which could lead to better electrical 
properties and surface morphology [18]. From these studies, we can find that it is help-
ful to improve the quality of InN thin films by introducing an appropriate buffer layer. 
In general, a thick GaN film (>4 μm) can be grown on sapphire substrate (0 0 0 1) to form 
a GaN template. In this chapter, we will show firstly the high-quality epitaxial growth of 
InN epifilms on GaN template with an appropriate InGaN buffer layer by PA-MBE system. 
We designed a series of samples to study the effect of InGaN buffer layer with growth- 
temperature dependence.

2.2. Growth of InN epifilms

Four samples were grown on 2 inch c-plane (0 0 0 1) Si-doped GaN/sapphire template sub-
strates that consisted of 3.5 μm intrinsic GaN, 65 nm Si-doped AlGaN and 2 μm Si-doped 
GaN were grown by metal-organic chemical vapor deposition (MOCVD). The InN thin film 
was grown on the InGaN buffer layer by the PA-MBE system (Veeco Applied-GEN 930) with 
standard effusion cells for In- and Ga-evaporation and an rf-plasma cell with 450 W for the 
N2-plasma source. Before mounting on a holder, the template substrates were cleaned with 
acetone (5 min), isopropanol (5 min), and de-ionized water (5 min) in an ultrasonic bath, and 
then dried with nitrogen gas immediately. After the chemical cleaning, the substrates were 
out-gassed at 750°C for 10 min in the MBE chamber before epitaxial growth. The temperature 
was defined by a thermal couple equipped at the backside of the substrates. Thereafter, the 
substrate temperature was decreased down to growth temperatures. The epitaxial growth of 
GaN was performed on the GaN template at 700°C with a flux ratio N/Ga = 42.9 represented 
by beam equivalent pressure (BEP) of evaporative III-group sources from standard effusion 
cell against that of N2 source from rf-plasma cell [19] and the duration time of the epitaxial 
growth for all samples was 10 min. Thereafter, the substrate temperature was ramped to 
growth temperatures with a flux ratio In/Ga = 2.0, and the duration time of the InGaN buffer 
layer for all samples was 10 min. Four samples were grown under varied temperatures of 
InGaN buffer layers: 500, 540, 570, and 600°C. Finally, the substrate temperature was ramped 
down to growth temperature at 410°C with a flux ratio N/In = 40.0 and the duration time of 
the InN for all samples was 10 min to grow the InN epifilms.

2.3. Analysis of InN epifilms

The in situ reflection high-energy electron diffraction (RHEED) was used to monitor the 
growth of InN epifilms with 15 kV and 14 mA. The structural properties and crystalline pre-
ferred orientations were characterized by an X-ray diffractometer (Bede D1) and a field emis-
sion transmission electron microscope (FE-TEM; Phillips Tecnai F-20) with an electron voltage 
of 200 kV. The cross-sectional TEM specimens were prepared by a focus ion beam (FIB; Seiko 
SII-3050). The FIB was performed with accelerated voltage of 30 kV to cut the samples roughly 
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and then refined the sample further by accelerated voltage of 5 kV. The surface morphology 
was evaluated by the field emission scanning electron microscope (FE-SEM; Seiko SII-3050) 
and the atomic force microscope (AFM; Dimension 3100). AFM images were taken with tap-
ping mode by silicon probe and the scanning data were characterized by software NanoScope 
(R) III (Digital Instruments, version 5.12r2). The photoluminescence (PL) measurement was 
carried out by Ti:sapphire laser (Traix-320) with a light source from 808-nm laser and 208 mW 
power from room temperature (300 K) to 14 K to investigate the optical emission properties 
of the InN epifilms.

The crystal structure of all samples was characterized by XRD measurements. Figure 1 
shows the XRD results of all samples and indicates that c-plane InN epifilms were epitaxi-
ally grown on GaN templates. From the peaks of X-ray diffraction pattern at 2θ = 32.84°, 
33.13°, 33.15°, and 33.76°, we estimated the content of indium of InxGa1−xN on the basis of 
Vegard’s law to be about 52, 43, 42, and 23%, respectively [20]. The peaks at 2θ = 31.22°, 
32.97°, 34.57°, and 34.82° were corresponding to the X-ray diffraction patterns from c-plane 
InN (0 0 0 2), In (1 0 1), GaN (0 0 0 2), and Si-doped AlGaN (0 0 0 2), respectively. These peak 
positions for the X-ray diffraction patterns were obtained by software Quick Graph (version 
2.0) with the Asymmetric Double Sigmoidal linear curve fitting. We can observe that the 
peak of InxGa1−xN shifts from left to right with the increasing growth-temperature of the 
InGaN buffer layer. This shows that the content of indium decreases with the increasing 
growth temperature, and the diffraction of Indium was observed corresponds to In droplet 
on the surface of sample 3. In order to eliminate the influence of In drops in further mea-
surements, the acid treatment (H3PO4:HNO3:CH3COOH:H2O = 50:2:10:9) was employed for 
sample 3 to remove the In drops on the surface. As compared to other samples, the inter-
ference fringes of InN grown on sample 1 exhibit prominent oscillations. Qualitatively, it 
shows that sample 1 is a very high-quality and layer-by-layer epitaxial growth InN epifilm. 
Figure 2(a and b) shows the rocking curve and full-width at half maximum (FWHM) values 
of the plane of InN (0 0 0 2) and InxGa1−xN (0 0 0 2), respectively. The FWHM values of the 
plane of InN (0 0 0 2) grown on samples 1, 2, 3, and 4 are 435.7, 651.5, 682.6, and 777.1  arc-sec, 

Figure 1. The X-ray 2 Theta-Omega scans of growing samples.
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shows that sample 1 is a very high-quality and layer-by-layer epitaxial growth InN epifilm. 
Figure 2(a and b) shows the rocking curve and full-width at half maximum (FWHM) values 
of the plane of InN (0 0 0 2) and InxGa1−xN (0 0 0 2), respectively. The FWHM values of the 
plane of InN (0 0 0 2) grown on samples 1, 2, 3, and 4 are 435.7, 651.5, 682.6, and 777.1  arc-sec, 

Figure 1. The X-ray 2 Theta-Omega scans of growing samples.
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respectively. The FWHM values of the plane of InxGa1-xN (0 0 0 2) grown on sample 1, 2, 3, 
and 4 are 359.6, 541.6, 513.7, and 523.8 arc-sec, respectively. It reveals that the intensity value 
of the plane of InN (0 0 0 2) grown on sample increases and the FWHM value of the plane of 
InN (0 0 0 2) grown on sample decreases with the decreasing growth temperature of InGaN 
grown on sample. Therefore, the maximum intensity and minimum FWHM value of the 
plane of InN (0 0 0 2) grown on sample 1 from Figure 2(a) is obtained, which shows that it 
is helpful to grow high-crystal quality InN epifilms by decreasing the growth temperature 
of the InGaN buffer layer and the growth parameter of sample 1 is suitable to grow a high-
quality InN epifilm.

Figure 3(a–d) shows the surface morphology of c-plane (0 0 0 2) InN grown on samples 1, 2, 
3, and 4, respectively, obtained by SEM (SII-3050). By comparing the RHEED patterns of InN 

Figure 2. (a) Rocking curve of the plane of InN (0 0 0 2). (b) Rocking curve of the plane of InxGa1−xN (0 0 0 2). The inset is 
the FWHM value vs. the growth temperature.
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grown on samples 1, 2, 3, and 4 along with [1 1¯ 0 0] InN, we found that the RHEED pattern of 
sample 1 is streaky but others are spotty patterns, indicating that the growth mode of InN on 
sample 1 was established by the two-dimensional (2D) Frank-van der Merwe epitaxial growth 
mode. As compared to the XRD results of InN grown on sample 1 with prominent oscilla-
tions, sample 1 is a high-quality and layer-by-layer epitaxial 2D-growth sample. From SEM 
analysis, we observed the flatness of c-plane InN epifilm was getting smoother from sample 4 
to sample 1 except for sample 3 because of the In drops left on the surface. The surface mor-
phology of samples 1, 2, 3, and 4 were also analyzed by AFM with the root-mean-square 
(RMS) roughness, as shown in Figure 4. The RMS values of samples 1, 2, 3, and 4 are 0.636, 
1.537, 9.821, and 1.910 nm, respectively. It shows that the surface of sample 1 is the flattest 
surface morphology in the samples, and supports the conclusion of XRD, RHEED, and SEM 
analyses. It also indicates that it is helpful to grow flat InN epifilms by decreasing the growth 

Figure 3. SEM images of c-plane InN thin films grown on (a) sample 1, (b) sample 2, (c) sample 3 and (d) sample 4. The 
scale bar is 1 μm.
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temperature of InGaN buffer layer and the growth parameter of sample 1 offers a better con-
dition to grow flat InN epifilms. Sample 1 was then studied in more detail.

Figure 5 shows that PL spectra of sample 1 for different temperatures. The PL measurements 
were carried out by Ti:sapphire laser (Traix-320) with a light source from 808-nm laser and 
208 mW power from 300 to 14 K. When the temperature was changed from 300 to 14 K, the 
position of major peak shifted from 0.698 to 0.703 eV, in good agreement with the recent data 
(~0.7 eV) [7, 8]. The intensity of major peak also increased. The major peaks measured at dif-
ferent temperatures were confirmed by a multipeak Gaussian-function curve fitting with the 
software Origin (Pro. 8.0). The result of the multipeak Gaussian-function curve fitting showed 
that the major peak was composed by three peaks and all the peak centers shifted to higher 
energy when the temperature was changed from 300 to 14 K. Among three fitting peaks, only 
one peak can be described by Varshni’s equation [21]:

Figure 4. AFM images of surface of growing samples by 5 × 5 μm2 scan: (a) sample 1, (b) sample 2, (c) sample 3, and (d) 
sample 4. The scale bar is 100 nm
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In the inset of Figure 5, the theoretical fitting to Varshni’s equation is obtained with Eg(0) = 
0.681 eV, α = 0.18 meV/K and β = 416 K. As compared to Eg(0) = 0.69 eV, α = 0.41 meV/K and 
β = 454 K from Wu et al. [8], we find that the values of Eg(0) and β are consistent with the 
results of Wu et al., within the variation of β. The value of β, Debye temperature at 0 K, is in 
the range from 370 to 650 K for hexagonal InN, estimated by Davydov et al. [22]. However, 
the different values of α, the Varshni thermal coefficient, might be due to the different InN 
thicknesses of the sample used in this study. The other two peaks were nearly independent of 
temperature, and attributed to the defect levels.

The cross-sectional TEM specimen of sample 1 was prepared by a dual-beam focus ion beam 
(Seiko SII-3050), with the cleavage plane along the [1 1¯ 0 0] direction on the c-plane InN (0 0 
0 1) and carbon was used as a preservation layer to avoid the damage from the Ga-ion beam 
during the preparation. The microstructure of sample 1 was analyzed by the field emission 
transmission electron microscope (FE-TEM; Phillips Tecnai F-20) with an electron voltage of 
200 kV. From the TEM bright field image with [1 1 2¯ 0] zone axis in Figure 6(a), we deduced 
the selective area diffraction (SAD) pattern for sample 1, as shown in Figure 6(b). It shows 
three distinguishing rectangular diffraction spots in the SAD pattern, indicating that sample 
1 was formed by the high-quality GaN, InGaN buffer layer and InN crystals. All of the spots 

Figure 5. The PL spectra taken at different temperatures. The inset is PL peak energy as a function of temperature. 
The uncertainty of PL peak position is the result of the multipeak Gaussian-function curve fitting. The red curve is the 
theoretical fitting to Varshni’s equation.
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are very clear and with no distortion. It shows that there are few stacking-faults in sample 1. 
The d-spacing of {0 0 0 1} and {[1 1¯ 0 0]} planes of GaN were measured to be (d0 0 0 1 = 0.5109 
nm and d1 1¯ 0 0=0.2753 nm). The d-spacing of {0 0 0 1} and {[1 1¯ 0 0]} planes of InGaN were 
measured to be (d0 0 0 1 = 0.5371 nm and d1 1¯ 0 0=0.2821 nm). The d-spacing of {0 0 0 1} and 
{[1 1¯ 0 0]} planes of InN were measured to be (d0 0 0 1 = 0.5634 nm and d1 1¯ 0 0=0.3043 nm). This 
indicates that the In content of InxGa1−xN in Sample 1 is, about 50% determined from these 
d0 0 0 1 data, which is consistent with the XRD analysis. The scanning transmission electron 
microscope (STEM) measurement will show the high contract images among GaN, InGaN, 
and InN layers. We show the STEM result for sample 1 in Figure 6(c). It clearly exhibits, with 
a high-resolution STEM image, that the InN epifilm was well formed on the InGaN buffer 
layer and the InGaN buffer layer was well established on GaN template. The thicknesses of 

Figure 6. TEM analysis of sample 1: (a) the bright field image of TEM, the scale bar is 20 nm, (b) the selective area 
diffraction patterns, the scale bar is 5 (1/nm), (c) the STEM image, the scale bar is 50 nm. (d)–(f) the high-resolution TEM 
images of InN, InN-InGaN interface, and InGaN-GaN interface, respectively, the scale bar is 5 nm, (g) the enlarged SAD 
pattern of the square in (b).
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InN and InGaN buffer layer were evaluated from the STEM image to be about 50 and 30 nm, 
respectively. The high-quality crystalline microstructures of InN, InGaN and GaN layers were 
also confirmed by the high-resolution TEM images. Figure 6(d–f) showed that InGaN buffer 
layer was well-stacked on GaN and high-quality InN epifilm was well-stacked on the InGaN 
buffer layer with some minor structural defects (e.g., dislocations or stacking faults) occurred 
in InN and InGaN layers.

2.4. Characteristics of InN epifilms

From the crystal structural analyses by XRD and TEM, we found that the crystal quality 
was significantly improved by decreasing the growth temperature of InGaN buffer layer. 
From the SEM images and AFM analyses, we also found that the surface of InN epifilm 
became smoother by decreasing the growth temperature of the InGaN buffer layer. From the 
PL measurements, we showed that the energy of 0.681 eV emitted from the InN epifilm of 
sample 1 (the growth temperature of InGaN buffer layer is 500°C) by the fitting to Varshni’s 
equation. Finally, it is suggestive that one can grow high-quality and flat InN epifilms by 
decreasing the growth temperature of the InGaN buffer layer. Therefore, the influence of 
InGaN buffer layer is very effective to grow high-quality InN epifilms and InN microstruc-
tures as well. We therefore grow InN hexagonal microdisks on the LAO substrate with the 
InGaN buffer layer.

3. InN hexagonal microdisks

3.1. Growth of InN microdisks

The two-orientation growth of GaN nanopillars on the LAO substrate has been reported in 
our previous papers [23, 24]. In this paper, we applied the two-orientation growth to grow 
the 2D M-plane InN epifilm and 3D c-plane InN hexagonal microdisks on the LAO substrate 
with the InGaN buffer layer at low-growth temperature (470°C). The sample was grown on 
a high-quality 1 × 1 cm2 LAO (1 0 0) substrate with the InGaN buffer layer by a low-tempera-
ture PA-MBE system (Veeco Applied-GEN 930). The LAO substrate was cut from the crystal 
ingot, which was fabricated by the traditional Czochralski pulling technique. Then, we grew 
InN hexagonal microdisks with an InGaN buffer layer on the γ-LiAlO2 substrate by plasma-
assisted molecular beam epitaxy. The details of growth parameters can be obtained from the 
previous paper [25].

3.2. Analysis of InN microdisks

The crystal structure of the microdisk sample is characterized by the high-resolution X-ray 
diffraction (XRD; Bede D1) measurement and is shown in Figure 7. From the peak of X-ray 
diffraction pattern at 2θ = 31.69°, we estimated the content of indium of InxGa1−xN on the 
basis of Vegard’s law to be about 20% [20]. The peaks at 2θ = 29.07°, 31.31°, 32.29°, and 34.69° 
represent the X-ray diffraction patterns from M-plane InN (1 1¯ 0 0), c-plane InN (0 0 0 2¯), 

Modern Technologies for Creating the Thin-film Systems and Coatings312



InN and InGaN buffer layer were evaluated from the STEM image to be about 50 and 30 nm, 
respectively. The high-quality crystalline microstructures of InN, InGaN and GaN layers were 
also confirmed by the high-resolution TEM images. Figure 6(d–f) showed that InGaN buffer 
layer was well-stacked on GaN and high-quality InN epifilm was well-stacked on the InGaN 
buffer layer with some minor structural defects (e.g., dislocations or stacking faults) occurred 
in InN and InGaN layers.

2.4. Characteristics of InN epifilms

From the crystal structural analyses by XRD and TEM, we found that the crystal quality 
was significantly improved by decreasing the growth temperature of InGaN buffer layer. 
From the SEM images and AFM analyses, we also found that the surface of InN epifilm 
became smoother by decreasing the growth temperature of the InGaN buffer layer. From the 
PL measurements, we showed that the energy of 0.681 eV emitted from the InN epifilm of 
sample 1 (the growth temperature of InGaN buffer layer is 500°C) by the fitting to Varshni’s 
equation. Finally, it is suggestive that one can grow high-quality and flat InN epifilms by 
decreasing the growth temperature of the InGaN buffer layer. Therefore, the influence of 
InGaN buffer layer is very effective to grow high-quality InN epifilms and InN microstruc-
tures as well. We therefore grow InN hexagonal microdisks on the LAO substrate with the 
InGaN buffer layer.

3. InN hexagonal microdisks

3.1. Growth of InN microdisks

The two-orientation growth of GaN nanopillars on the LAO substrate has been reported in 
our previous papers [23, 24]. In this paper, we applied the two-orientation growth to grow 
the 2D M-plane InN epifilm and 3D c-plane InN hexagonal microdisks on the LAO substrate 
with the InGaN buffer layer at low-growth temperature (470°C). The sample was grown on 
a high-quality 1 × 1 cm2 LAO (1 0 0) substrate with the InGaN buffer layer by a low-tempera-
ture PA-MBE system (Veeco Applied-GEN 930). The LAO substrate was cut from the crystal 
ingot, which was fabricated by the traditional Czochralski pulling technique. Then, we grew 
InN hexagonal microdisks with an InGaN buffer layer on the γ-LiAlO2 substrate by plasma-
assisted molecular beam epitaxy. The details of growth parameters can be obtained from the 
previous paper [25].

3.2. Analysis of InN microdisks

The crystal structure of the microdisk sample is characterized by the high-resolution X-ray 
diffraction (XRD; Bede D1) measurement and is shown in Figure 7. From the peak of X-ray 
diffraction pattern at 2θ = 31.69°, we estimated the content of indium of InxGa1−xN on the 
basis of Vegard’s law to be about 20% [20]. The peaks at 2θ = 29.07°, 31.31°, 32.29°, and 34.69° 
represent the X-ray diffraction patterns from M-plane InN (1 1¯ 0 0), c-plane InN (0 0 0 2¯), 

Modern Technologies for Creating the Thin-film Systems and Coatings312

M-plane GaN (1 1¯ 0 0) and LAO (1 0 0), respectively. By the asymmetric double sigmoidal 
linear curve fitting with the software Quick Graph (version 2.0), these XRD peak positions 
were obtained that agreed with those data of the standard wurtzite structure bulk InN (JCPDS 
file No. 50-1239). The d-spacing between {0 0 0 2¯} planes of InN was evaluated to be d0 0 0 2 = 
0.28216 nm from the Bragg’s law (2dsinθ = nλ) with Cu Kα wavelength λ = 0.1540562 nm. The 
lattice constant of wurtzite InN microdisk is smaller than that of bulk InN by 1.09%, as com-
pared with the value on JCPDS file, d0 0 0 2 = 0.28528 nm.

The surface morphology of the sample was evaluated by the field emission scanning electron 
microscope (FE-SEM, SII-3050). Figure 7(a) showed the top-view SEM image of the sample. 
The morphology of the sample exhibited that 3D c-plane InN hexagonal microdisks and 2D 
M-plane InN epifilm were grown on the LAO substrate. Figure 7(b) showed the tilt-view SEM 
image of the InN microdisk shown in the center of Figure 7(a), and the diameter of the InN 
microdisk was 0.60 μm. The micrographic image of the sample showed that the 3D c-plane 
InN hexagonal microdisks and nanopillars were grown atop an anionic hexagonal basal plane 
of LAO, while the 2D M-plane InN epifilm were developed along with the lateral orientation 
[112¯0]InN//[001]LAO.

The microstructure of the sample was analyzed by a field emission transmission electron 
microscope (FE-TEM; Phillips Tecnai F-20) at an electron voltage of 200 kV. The cross- sectional 
TEM specimen was prepared by a dual-beam focus ion beam (FIB; Seiko  SII-3050), on the 

Figure 7. The X-ray 2 Theta-Omega scan of the sample. In the inset of (a) the top-view SEM image of the sample, the scale 
bar is 1 μm. (b) Enlarged SEM image with a tilted angle of InN hexagonal thin disk, the scale bar is 0.5 μm.
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cleavage plane along [11¯00] direction of the c-plane InN hexagonal thin disk. Figure 8(a) 
showed the bright field image with [112¯0]InN//[001]LAO zone axis. The thicknesses of M-
plane InN, M-plane InGaN and M-plane GaN were measured to be about 265, 51, and 137 
nm, respectively. The height for the c-plane InN hexagonal thin disk from neck to top was 
about 188 nm. The high-resolution TEM images with [112¯0]InN//[001]LAO zone axis were 
performed in the areas HR01 and HR02 of the sample, as shown in Figure 8(a). From high-
resolution TEM analyses, we found the staking faults at the boundary between M-plane and 
c-plane GaN, which released the strains between the misfit M-plane and c-plane wurtzite 
structures of GaN and InGaN. The c-plane wurtzite structure was followed up to the neck 
area and formed a uniform c-plane InGaN pyramid-shaped structure. The wave-shaped 
InN was produced by the staking faults between the misfit c-plane wurtzite structures of 
InGaN and InN. In Figure 8(b), the wave-shaped InN became uniform in the area HR01 and 
followed further to form the InN hexagonal thin disk structure. In Figure 8(c), the high-
quality crystalline structure of the InN thin disk is shown in the area HR02. Figure 8(d–i) 
shows the selective area diffraction (SAD) patterns taken along the growth direction from 
the bottom to the top (labeled from DP01 to DP06), which covered c-plane GaN, M-plane 
GaN, c-plane InN, and M-plane InN. Figure 8(d) simply shows one clear single rectangular 
diffraction pattern (white) at the location of DP03, indicating that the hexagonal thin disk 
was uniquely formed by the c-plane wurtzite InN crystal. The d-spacing between {0 0 0 1¯} 
planes and {1 1¯ 0 0} planes of InN hexagonal thin disk were measured to be dc = 0.5687 
nm and dM = 0.3025 nm, respectively. Compared with the values given in JCPDS file No. 
50-1239 which are 0.5703 and 0.30647 nm, respectively, the difference between wurtzite InN 
thin disk and bulk InN for dc and dM are 0.28 and 1.24%, respectively, revealing that the 

Figure 8. TEM analyses of the InN hexagonal thin disk: (a) the bright field image with [1 1 2¯ 0]InN//[0 0 1]LAO zone axis. 
The high-resolution TEM images taken at the points shown in (a) are presented in (b) and (c), the scale bar is 2 nm. The 
selective area diffraction patterns taken at the points shown in (a) are presented in [(d) – (i)], the scale bar is 2 (1/nm). The 
ball-stick model for InN epilayer: (j) the chemical bonds of (0 0 0 1¯) surface, (k) the hexagonal thin disk.
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lattice constant of InN thin disk is smaller than that of bulk InN. The result is consistent 
with the XRD analysis. In Figure 8(e), the SAD patterns showed the overlapping diagram 
of two rectangles and two hexagons at the neck area of the disk (location of DP02), indicat-
ing that a c-plane InN (white rectangle) was formed in addition to the c-plane GaN (red 
rectangle), M-plane InN (blue hexagon), and M-plane GaN (yellow hexagon) at the neck 
area. We checked the M-plane InN (blue hexagon) and M-plane GaN (yellow hexagon) by 
the SAD patterns, as shown in Figure 8(g–i). These two hexagons are identical to those 
shown in Figure 8(h), indicating that the M-plane wurtzite InN and M-plane wurtzite GaN 
were grown in the same crystalline direction. From the analyses of SAD patterns, we found 
that the c-plane wurtzite nanocrystal was embedded between M-plane wurtzite nanocrystal 
areas at the beginning of nucleation when GaN was grown on the LAO substrate. We dem-
onstrated a ball-stick model for the self-assembled InN hexagonal thin disk to establish the 
growth mechanism of the InN hexagonal thin disk. The ball-stick model for the standard 
wurtzite InN (JCPDS file No. 50-1239) with a = b = 0.3537 nm, c = 0.5703 nm, and u=α¯/c= 3/8 
was used to simulate the c-plane InN thin disk in Figure 8(j), where blue balls and red balls 
represented In atoms and N atoms, respectively. In our previous paper, we showed that the 
GaN (0 0 0 1¯) microdisk with a tilted angle of θ = tan−1(dM/dc) = 28° was established with 
the capture of N atoms by the β¯-dangling bonds of the most-outside Ga atoms for each 
dc-spacing during the GaN lateral overgrowth [5]. In the case of InN thin disk, when the 
growth temperature was lowered to 470°C, the c-plane InN (0 0 0 1¯) hexagonal thin disk 
was built up with the capture of N atoms by the β¯-dangling bonds of the most-outside 
In atoms and then the lateral overgrowth occurred; by capture of In atoms by β¯-dangling 
bonds of N atoms, to form the thin disk. The lateral overgrowth along the (1 1¯ 0 0) direction 
was extended to six dM-spacings for each dc-spacing, resulting in the angle of 73 off the 
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4. Conclusion

In this paper, we have reported the growth and characteristics of 2D c-plane InN (0 0 0 1) 
epifilms and 3D c-plane InN (0 0 0 1¯) hexagonal thin microdisks with InGaN buffer layers 
at low temperatures by PA-MBE. By decreasing the growth temperature of the InGaN buffer 
layer, we can grow high-quality and flat InN epifilms. Besides, InGaN buffer layer can also 
provide the growth base to form InN hexagonal thin microdisks. By introducing InGaN buf-
fer layers, the high-quality InN epifilms and microstructures can be grown under suitable 
growth conditions. Consequently, the InN hexagonal thin microdisk provides an opportu-
nity to fabricate the InGaN/GaN microdisk quantum well for the application of full-color 
micron LED.

Acknowledgements

The project was supported by the Ministry of Science and Technology of Taiwan and the 
Core Facilities Laboratory for Nanoscience and Nanotechnology in Kaohsiung and Pintung 
Area.

Author details

Chen-Chi Yang1,2, Ikai Lo1,2*, Cheng-Hung Shih1,2, Chia-Hsuan Hu1,2, Ying-Chieh Wang1,2, 
Yu-Chiao Lin1,2, Cheng-Da Tsai1,2, Hui-Chun Huang1,2, Mitch M. C. Chou1,2, Cheng-Chang 
Yu1,2 and Der-Jun Jang1,2

*Address all correspondence to: ikailo@mail.phys.nsysu.edu.tw

1 Department of Physics, Center for Nanoscience and Nanotechnology, National Sun Yat-Sen 
University, Kaohsiung, Taiwan

2 Department of Materials and Optoelectronics Science, National Sun Yat-Sen University, 
Kaohsiung, Taiwan

References

[1] S. Nakamura, M. Senoh, N. Iwasa, S. I. Nagahama, T. Yamada, and T. Mukai. Super-bright 
green InGaN single-quantum-well-structure light-emitting diodes. Japanese Journal of 
Applied Physics. 1995;34(Part 2, Number 10B):L1332-L1335. DOI: 10.1143/JJAP.34.L1332

[2] S. Nakamura, S. Pearton, and G. Fasol, editors. The Blue Laser Diode: The Complete Story. 
Berlin: Springer Science & Business Media; 20 0 0 . 367 p. DOI: 10.1007/978-3-662-04156-7

[3] I. Lo, J. K. Tsai, W. J. Yao, P. C. Ho, L. W. Tu, T. C. Chang, S. Elhamri, W. C. Mitchel, K. 
Y. Hsieh, J. H. Huang, H. L. Huang, and W. C. Tsai. Spin splitting in modulation-doped 

Modern Technologies for Creating the Thin-film Systems and Coatings316



4. Conclusion

In this paper, we have reported the growth and characteristics of 2D c-plane InN (0 0 0 1) 
epifilms and 3D c-plane InN (0 0 0 1¯) hexagonal thin microdisks with InGaN buffer layers 
at low temperatures by PA-MBE. By decreasing the growth temperature of the InGaN buffer 
layer, we can grow high-quality and flat InN epifilms. Besides, InGaN buffer layer can also 
provide the growth base to form InN hexagonal thin microdisks. By introducing InGaN buf-
fer layers, the high-quality InN epifilms and microstructures can be grown under suitable 
growth conditions. Consequently, the InN hexagonal thin microdisk provides an opportu-
nity to fabricate the InGaN/GaN microdisk quantum well for the application of full-color 
micron LED.

Acknowledgements

The project was supported by the Ministry of Science and Technology of Taiwan and the 
Core Facilities Laboratory for Nanoscience and Nanotechnology in Kaohsiung and Pintung 
Area.

Author details

Chen-Chi Yang1,2, Ikai Lo1,2*, Cheng-Hung Shih1,2, Chia-Hsuan Hu1,2, Ying-Chieh Wang1,2, 
Yu-Chiao Lin1,2, Cheng-Da Tsai1,2, Hui-Chun Huang1,2, Mitch M. C. Chou1,2, Cheng-Chang 
Yu1,2 and Der-Jun Jang1,2

*Address all correspondence to: ikailo@mail.phys.nsysu.edu.tw

1 Department of Physics, Center for Nanoscience and Nanotechnology, National Sun Yat-Sen 
University, Kaohsiung, Taiwan

2 Department of Materials and Optoelectronics Science, National Sun Yat-Sen University, 
Kaohsiung, Taiwan

References

[1] S. Nakamura, M. Senoh, N. Iwasa, S. I. Nagahama, T. Yamada, and T. Mukai. Super-bright 
green InGaN single-quantum-well-structure light-emitting diodes. Japanese Journal of 
Applied Physics. 1995;34(Part 2, Number 10B):L1332-L1335. DOI: 10.1143/JJAP.34.L1332

[2] S. Nakamura, S. Pearton, and G. Fasol, editors. The Blue Laser Diode: The Complete Story. 
Berlin: Springer Science & Business Media; 20 0 0 . 367 p. DOI: 10.1007/978-3-662-04156-7

[3] I. Lo, J. K. Tsai, W. J. Yao, P. C. Ho, L. W. Tu, T. C. Chang, S. Elhamri, W. C. Mitchel, K. 
Y. Hsieh, J. H. Huang, H. L. Huang, and W. C. Tsai. Spin splitting in modulation-doped 

Modern Technologies for Creating the Thin-film Systems and Coatings316

AlxGa1−x N/GaN heterostructures. Physics Review B. 2002;65:161306. DOI: 10.1103/
PhysRevB.65.161306

[4] I. Lo, W. T. Wang, M. H. Gau, J. K. Tsai, S. F. Tsay, and J. C. Chiang. Gate-controlled 
spin splitting in GaN/AlN quantum wells. Applied Physics Letters. 2006;88:082108. DOI: 
10.1063/1.2178505

[5] I. Lo, C. H. Hsieh, Y. C. Hsu, W. Y. Pang, and M. C. Chou. Self-assembled GaN hex-
agonal micropyramid and microdisk. Applied Physics Letters. 2009;94:062105. DOI: 
10.1063/1.3079078

[6] A. Y. Cho, and J. R. Arthur. Molecular beam epitaxy. Progress in Solid State Chemistry. 
1975;10, Part 3:157-191. DOI: 10.1016/0079-6786(75)90 0 0 5-9

[7] J. Wu, W. Walukiewicz, K. M. Yu, J. W. Ager III, E. E. Haller, H. Lu, W. J. Schaff, Y. 
Saito and Y. Nanishi. Unusual properties of the fundamental band gap of InN. Applied 
Physics Letters. 2002;80:3967. DOI: 10.1063/1.1482786

[8] J. Wu, W. Walukiewicz, W. Shan, K.M. Yu, J.W. Ager, S.X. Li, E.E. Haller, H. Lu, and 
W.J. Schaff. Temperature dependence of the fundamental band gap of InN. Journal of 
Applied Physics. 2003;94:4457-4460. DOI: 10.1063/1.1605815

[9] S. K. O’Leary, B. E. Foutz, M. S. Shur, U. V. Bhapkar, and L. F. Eastman. Electron transport in 
wurtzite indium nitride. Journal of Applied Physics. 1998;83:826-829. DOI: 10.1063/1.366641

[10] Z. Y. Fan and N. Newman. Experimental determination of the rates of decomposition 
and cation desorption from AlN surfaces. Material Science Engineering: B. 2001;87:244-
248. DOI: 10.1016/S0921-5107(01)00720-6

[11] C. H. Liang, L. C. Chen, J. S. Hwang, K. H. Chen, Y. T. Hung, and Y. F. Chen. Selective-
area growth of indium nitride nanowires on gold-patterned Si(1 0 0) substrates. Applied 
Physics Letters. 2002;81:22-24. DOI: 10.1063/1.1490636

[12] T. Stoica, R. Meijers, R. Calarco, T. Richter, and H. Luth. MBE growth optimization of InN 
nanowires. Journal of Crystal Growth. 2006;290:241-247. DOI: 10.1016/j.jcrysgro.2005.12.106

[13] Y. L. Chang, F. Li, A. Fatehi, and Z. Mi. Molecular beam epitaxial growth and charac-
terization of non-tapered InN nanowires on Si (1 1 1). Nanotechnology. 2009;20:345203. 
DOI: 10.1088/0957-4484/20/34/345203

[14] I. Lo, Y. C. Wang, Y. C. Hsu, C. H. Shih, W. Y. Pang, S. T. You, C. H. Hu, M. M. C. 
Chou, and G. Z. L. Hsu. Electrical contact for wurtzite GaN microdisks. Applied Physics 
Letters. 2014;105:082101. DOI: 10.1063/1.4894080

[15] K. Xu and A. Yoshikawa. Effects of film polarities on InN growth by molecular-beam 
epitaxy. Applied Physics Letters. 2003;83:251-253. DOI: 10.1063/1.1592309

[16] H. Xiao, X. Wang, J. Wang, N. Zhang, H. Liu, Y. Zeng, J. Li, and Z. Wang. Growth and 
characterization of InN on sapphire substrate by RF-MBE. Journal of Crystal Growth. 
2005;276:401-406. DOI: 10.1016/j.jcrysgro.2004.12.001

Growth and Characteristics of High-quality InN by Plasma-Assisted Molecular Beam Epitaxy
http://dx.doi.org/10.5772/65812

317



[17] Y. Saito, T. Yamaguchi, H. Kanazawa, K. Kano, T. Araki, Y. Nanishi, N. Teraguchi, 
and A. Suzuki. Growth of high-quality InN using low-temperature intermediate lay-
ers by RF-MBE. Journal of Crystal Growth. 2002;237-239:1017-1021. DOI: 10.1016/
S0022-0248(01)02119-4

[18] H. Lu, W. J. Schaff, J. Hwang, H. Wu, G. Koley, and L. F. Eastman. Effect of an AlN buf-
fer layer on the epitaxial growth of InN by molecular-beam epitaxy. Applied Physics 
Letters. 2001;79:1489-1491. DOI: 10.1063/1.1402649

[19] J-K. Tsai, I. Lo, K-L. Chuang, L-W.Tu, J-H. Huang, C-H. Hsieh, and K-Y. Hsieh. Effect 
of N to Ga flux ratio on the GaN surface morphologies grown at high temperature by 
plasma-assisted molecular-beam epitaxy. Journal of Applied Physics. 2004;95:460. DOI: 
10.1063/1.1634388

[20] A. R. Denton and N. W. Ashcroft. Vegard’s law. Physical Review A. 1991;43:3161-3164. 
DOI: 10.1103/PhysRevA.43.3161

[21] Y.P. Varshni. Temperature dependence of the energy gap in semiconductors. Physica. 
1967;34:149-154. DOI: 10.1016/0031-8914(67)90062-6

[22] V. Yu. Davydov, V. V. Emtsev, I. N. Goncharuk, A. N. Smirnov, V. D. Petrikov, V. V. 
Mamutin, V. A. Vekshin, S. V. Ivanov, M. B. Smirnov and T. Inushima. Experimental and 
theoretical studies of phonons in hexagonal InN. Applied Physics Letters. 1999;75:3297-
3299. DOI: 10.1063/1.125330

[23] C. H. Hsieh, I. Lo, M. H. Gau, Y. L. Chen, M. C. Chou, W. Y. Pang, Y. I. Chang, Y. C. Hsu, 
M. W. Sham, J. C. Chiang, and J. K. Tsai. Self-assembled c-plane GaN nanopillars on 
γ-LiAlO2 substrate grown by plasma-assisted molecular-beam epitaxy. Japanese Journal 
of Applied Physics. 2008;47:891-895. DOI: 10.1143/JJAP.47.891

[24] I. Lo, C. H. Hsieh, Y. L. Chen, W. Y. Pang, Y. C. Hsu, J. C. Chiang, M. C. Chou, J. K. Tsai, 
and D. M. Schaadt. Line defects of M-plane GaN grown on g-LiAlO2 by plasma-assisted 
molecular beam epitaxy. Applied Physics Letters. 2008;92:202106. DOI: 10.1063/1.2924288

[25] C. C. Yang, I. Lo, C. H. Hu, H. C. Huang, and M.M. C. Chou. Growth of InN hexagonal 
microdisks. AIP Advances. 2016;6:085015. DOI: 10.1063/1.4961699

Modern Technologies for Creating the Thin-film Systems and Coatings318



[17] Y. Saito, T. Yamaguchi, H. Kanazawa, K. Kano, T. Araki, Y. Nanishi, N. Teraguchi, 
and A. Suzuki. Growth of high-quality InN using low-temperature intermediate lay-
ers by RF-MBE. Journal of Crystal Growth. 2002;237-239:1017-1021. DOI: 10.1016/
S0022-0248(01)02119-4

[18] H. Lu, W. J. Schaff, J. Hwang, H. Wu, G. Koley, and L. F. Eastman. Effect of an AlN buf-
fer layer on the epitaxial growth of InN by molecular-beam epitaxy. Applied Physics 
Letters. 2001;79:1489-1491. DOI: 10.1063/1.1402649

[19] J-K. Tsai, I. Lo, K-L. Chuang, L-W.Tu, J-H. Huang, C-H. Hsieh, and K-Y. Hsieh. Effect 
of N to Ga flux ratio on the GaN surface morphologies grown at high temperature by 
plasma-assisted molecular-beam epitaxy. Journal of Applied Physics. 2004;95:460. DOI: 
10.1063/1.1634388

[20] A. R. Denton and N. W. Ashcroft. Vegard’s law. Physical Review A. 1991;43:3161-3164. 
DOI: 10.1103/PhysRevA.43.3161

[21] Y.P. Varshni. Temperature dependence of the energy gap in semiconductors. Physica. 
1967;34:149-154. DOI: 10.1016/0031-8914(67)90062-6

[22] V. Yu. Davydov, V. V. Emtsev, I. N. Goncharuk, A. N. Smirnov, V. D. Petrikov, V. V. 
Mamutin, V. A. Vekshin, S. V. Ivanov, M. B. Smirnov and T. Inushima. Experimental and 
theoretical studies of phonons in hexagonal InN. Applied Physics Letters. 1999;75:3297-
3299. DOI: 10.1063/1.125330

[23] C. H. Hsieh, I. Lo, M. H. Gau, Y. L. Chen, M. C. Chou, W. Y. Pang, Y. I. Chang, Y. C. Hsu, 
M. W. Sham, J. C. Chiang, and J. K. Tsai. Self-assembled c-plane GaN nanopillars on 
γ-LiAlO2 substrate grown by plasma-assisted molecular-beam epitaxy. Japanese Journal 
of Applied Physics. 2008;47:891-895. DOI: 10.1143/JJAP.47.891

[24] I. Lo, C. H. Hsieh, Y. L. Chen, W. Y. Pang, Y. C. Hsu, J. C. Chiang, M. C. Chou, J. K. Tsai, 
and D. M. Schaadt. Line defects of M-plane GaN grown on g-LiAlO2 by plasma-assisted 
molecular beam epitaxy. Applied Physics Letters. 2008;92:202106. DOI: 10.1063/1.2924288

[25] C. C. Yang, I. Lo, C. H. Hu, H. C. Huang, and M.M. C. Chou. Growth of InN hexagonal 
microdisks. AIP Advances. 2016;6:085015. DOI: 10.1063/1.4961699

Modern Technologies for Creating the Thin-film Systems and Coatings318

Chapter 16

Chemical Solution Deposition Technique of Thin-Film

Ceramic Electrolytes for Solid Oxide Fuel Cells

Mridula Biswas and Pei-Chen Su

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/66125

Provisional chapter

Chemical Solution Deposition Technique of Thin-Film
Ceramic Electrolytes for Solid Oxide Fuel Cells

Mridula Biswas and Pei-Chen Su

Additional information is available at the end of the chapter

Abstract

Chemical solution deposition (CSD) technique is recently gaining momentum for the
fabrication of electrolyte materials for solid oxide fuel cells (SOFCs) due to its cost-
effectiveness, high yield, and simplicity of the process requirements. The advanced
vacuum deposition  techniques  such  as  sputtering,  atomic  layer  deposition  (ALD),
pulsed laser deposition (PLD), metallo-organic chemical vapor deposition (MOCVD)
are lacking in scalability and cost-effectiveness. CSD technique includes a variety of
approaches such as sol-gel process, chelate process, and metallo-organic decomposition.
The present  chapter  discusses  briefly about  the  evolution of  CSD method and its
subsequent  entry to  the field of  SOFCs,  various solution methods associated with
different chemical compositions, film deposition techniques, chemical reactions, heat
treatment strategies, nucleation and growth kinetics, associated defects, etc. Examples
are cited to bring out the history dating back to the discovery of amorphous zirconia
film through the successful fabrication of the crystalline fluorite-type films such as
yttria-stabilized zirconia (YSZ), scandia-doped ceria (SDC), and crystalline perovskite-
type films such as yttria-doped barium zirconate (BZY) and yttria-doped barium cerate
(BCY), to name a few.

Keywords: chemical solution deposition, solid oxide fuel cell, ceramic electrolyte, thin
films

1. Introduction

The high-temperature solid oxide fuel cells (HTSOFCs, ≥750°C) are yet to find widespread
commercialization due to its high cost and short lifetime associated with its high-temperature
operation.  Thus,  the  demand for  low-cost  solid  oxide  fuel  cells  (SOFCs)  has  stimulated
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research to develop low-temperature SOFCs (LTSOFCs, ≤500°C) [1]. Since the high perform-
ance of SOFCs requires high operating temperature to activate electrochemical reactions and
charge transport processes, reduction in operating temperature will sacrifice performance of
SOFCs. Therefore, attempts have been made to find new materials and fabrication technologies
for LTSOFCs so that  performance remains the same or gets  enhanced.  One of  the main
challenges in decreasing the operating temperature is the lower electrolyte conductivity, which
resulted in high ohmic resistance, and deteriorates the fuel cell performance. Efforts have been
made to enhance performance via reducing the thickness of ceramic electrolyte [2–8]. As the
resistance of ionic charge transportation across the electrolyte obeys Ohm’s law, thinner film
offers less resistance to the ionic conduction and provides lower area-specific resistance.
Various thin-film fabrication methods have been developed to date including vacuum-based
[9–15] and non-vacuum-based methods [16–18]. Among them, chemical solution deposition
(CSD)  technique has  been a  promising technique for  its  high yield,  versatility,  and low
investment cost. Moreover, the characteristic of CSD method allows easy deposition of the film
over  the  large  area  up to  several  square  meters  [19].  The  following paragraphs  will  be
discussing the progress of the concept of thin film and discovery and progress of CSD method.

1.1. The concept of thin-film electrolyte and its progress

The concept of the thin-film electrolyte was first introduced with the fabrication of 400 μm
thick stabilized zirconia (SZ) electrolyte in the 1960s [20]. The trend continued with the
development of 30 μm thick yttria-stabilized zirconia (YSZ) electrolyte which, for the first time,
successfully demonstrated the remarkable reduction of ohmic resistance from 1 to 3 × 10−3 Ω
owing to minimization of the thickness of electrolyte from 1 mm to 30 μm [16]. In 1977, one
electrochemical experiment, for the first time, achieved 0.91 V of open-circuit voltage (OCV)
at 400°C with 0.05–1.7 μm thick calcia-stabilized zirconia (CSZ) film [10], which is a major
breakthrough for LTSOFCs. With the progress in the R&D sector, Westinghouse Electric
Corporation first launched cathode-supported tubular cell with 50 μm thick electrolyte, which
was the first appearance of SOFC with a film electrolyte in the commercial sector [14]. All these
developments were carried out with the vacuum-based methods (i.e., electrochemical vapor
deposition, physical vapor deposition, chemical vapor deposition, sputtering, etc.) which lack
in scalability and cost-effectiveness. As the alternative to those methods, slurry and solution-
based methods were adopted. They are atmospheric or vacuum plasma spraying [21], spray
pyrolysis [22], slurry coating [23, 24], and CSD [17, 18]. Although these methods are successful
for micrometer thick film, the thickness of the electrolyte could not be brought down to the
sub-micrometer level. With the miniaturization of SOFCs, demand for sub-micrometer thin
electrolyte has been generated. CSD-based method has recently demonstrated its ability to
produce films with sub-micrometer thickness.

1.2. Discovery and progress of CSD

The CSD method was introduced with the discovery of silica (SiO2) gel from silicon alkoxide
in humidified atmosphere in the middle of the nineteenth century [25]. The potential of this
technique was realized with the application of single and multilayered coating of titania
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(TiO2), zirconia (ZrO2), alumina (Al2O3), etc. on SiO2 glass in the 1950s, and henceforth
commercialization followed [26–28]. The development of YSZ film fabrication method started
with the invention of amorphous coating of ZrO2 film in the Central Glass and Ceramic
Research Institute, India, in 1984 [17]; the Lawrence Berkeley National Laboratory took a
pioneering role to develop crack-free, smooth crystalline 0.1–2 μm thin YSZ electrolyte film
with sufficiently high conductivity at a temperature of 450°C [29]. Gastightness of YSZ film
was demonstrated for the first time with the achievement of promising open-circuit voltage
(OCV) of 0.85 V at 600°C [30]. This optimistic result casts light on the rapid progress of CSD
method in the field of SOFCs. In 1912, Korea Institute of Science and Technology, South Korea,
reported the fabrication of a dense and gastight bilayer electrolyte of YSZ/gadolinia-doped
ceria (GDC) with thickness of 100/400 nm. The success of this process was established with the
achievement of 1.0 V OCV at 650°C [31]. Numerous significant progresses across the globe are
discussed in various articles [3, 32–46].

The fabrication strategies were extended from binary to ternary oxide electrolytes. The
fabrication of multiple oxide electrolytes faced difficulties with single-phase formation because
of the presence of several oxides and their different crystallization kinetics. The possibility of
developing a single-phase ternary oxide thin film was advanced with the successful fabrication
of lead zirconate titanate (PZT) film via metallo-organic decomposition (MOD) and sol-gel
route in the 1980s [18, 47, 48]. For the first time, phase-pure ternary oxide electrolyte film of
Yb-doped strontium zirconate (YDSZ) was successfully obtained via sol-gel method [49]. Our
group from Nanyang Technological University, Singapore, has recently reported the fabrica-
tion of a dense and crack-free yttria-doped barium zirconate (BZY) thin film by modified CSD
technique along with various sintering strategies [38, 40, 50–52] at remarkably low sintering
temperature of 800–1000°C. The following sections will give the detail about the various
solution preparation strategies and sintering methods.

2. CSD methods

CSD techniques are specially characterized by its mass transport process (Figure 1) which
maintains liquid phase as the mass transport media for the transportation of precursors from
the source to the substrate. The major advantages of CSD method are homogeneity of the
product and lower processing temperature compared to the temperature for solid-state
sintering [29]. Morphological control over the deposited film can be gained through varying
composition, viscosity, pH, concentration of the solution, etc.

Figure 1. Chemical solution deposition technique.
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Based on various requirements of different film morphology, CSD process can be categorized
into three major groups: sol-gel process, chelate process, and MOD technique [53]. In this
section, the CSD methodologies will be reviewed, with an emphasis on the underlying
chemical aspects of the solution. The characteristics of the main three methods have been
summarized in Table 1.

Method Precursors and solvents Control of

chemistry

Simplicity

Sol-gel • Metal alkoxides as precursors

• Alcohols as solvents

• Acid or base as catalyst

• Water for polymerization

High Low

Chelate • Metal carboxylate, alkoxide, and β-diketonate

as precursors

• Acetylacetonate and acetic acid as chelating agent and

solvents

Moderate Moderate

Metallo-organic

decomposition (MOD)

• Long-chain metal carboxylates such as 2-ethylhexanoate,  

dimethoxy dineodecanoate, and neodecanoate as

precursors

• Xylene as solvent (inert)

Low High

Table 1. The comparison among three major CSD processes.

2.1. Sol-gel process

A classical sol-gel process typically involves metal alkoxides and alcohols (M(OR)x and ROH).
Common alcohols are methanol and ethanol; 2-methoxyethanol and 1,3-propanediol are also
widely used [54, 55]. The selection of cationic components and solvent is crucial for controlling
subsequent hydrolysis and condensation reaction, which is the basis for the development of
short polymeric species and metal-oxygen-metal (M–O–M) bond upon heat treatment. The
reactions are described below [56]:

Hydrolysis:

( ) ( ) ( )x x
M OR H O M OR OH ROH2 1-

+ ® + (1)

Condensation (alcohol elimination):

( ) ( ) ( ) ( )2x-1 2x-3
2M OR OH +M O OR OH + ROH (2)
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Condensation (water elimination):

( ) ( ) ( )x x
M OR OH M O OR H O2 21 2 2

2
- -

+ + (3)

The primarily evolution of inorganic networks occurs through the generation of small particle
resulting into colloidal suspension (sol), followed by the formation of continuous network in
liquid matrix (gel) [57, 58]. The formation of sol and gel is aided by addition of water, base,
and acid [59]. Base and acid act as catalysts. Upon drying and heating, the gel gets converted
into amorphous film along with densification. With further heating, amorphous film ceramizes
and rate of densification slows down.

In case of multicomponent system, all the alkoxide precursors may not have equal tendency
to get dissolved in the same solvent because of their different polarity and ionicity/covalency.
Those alkoxides are sometimes pre-hydrolyzed so that the final solution becomes composi-
tionally homogeneous.

Hydrolysis of a particular M–O–R bond depends on its polarity. As the bond polarity increases,
the tendency of being hydrolysis also increases. This character plays an important role in
determining the processing window which gives an amount of the ratio of reagent to water
and precursor concentration. Addition of water to the solution should be controlled to hinder
precipitation. Otherwise, powder formation will take place. There are two major strategies to
address the problem of hydrolysis associated with polar compounds: alcohol exchange
reaction and chelation. In both processes, susceptibility of the reactants toward water is
reduced. The alcohol exchange reaction is described below [59]:

x xM OR xROH M OR xROH ( ) ( ) +¢ ¢+ ® (4)

or

( ) ( )x xM OR xR OH M OR OR ROH x ROH1( ) ( ) 1- + + -¢ ¢®¢+ (5)

The alcohol, 2-methoxyethnol, is widely used for alcohol exchange reaction due to its bidentate
nature. Hence, the newly generated alkoxide is less prone to hydrolysis, thereby allowing easy
formation of gel instead of precipitate [35]. As for example, 2-methoxyethanol was used to
dissolve Ba metal and partially substitute propoxide of zirconium propoxide for the fabrication
of epitaxial BZY film. Acetic acid is used for chelation. In some typical film fabrication method,
both the acetic acid and 2-methoxyethanol are used together [60]. As 2-methoxyethnol does
not change the solution pH, it is often used for the dilution of solution.
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2.2. Chelate process

This is a specialized process of sol-gel technique which employs chelation reaction as the key
process in the preparation of the precursor solution. This process with a wide range of
application and variety of chemical compositions has opened a separate branch called chelate
process. The process aims at the reduction in over-reactive tendency of alkoxides via addition
of acetylacetonate or diethanolamine. In most compositions, metal carboxylate, β-diketonate,
and alkoxides are used as precursors [59]. Mostly, transition metal alkoxides show polarity
with high tendency toward rapid hydrolysis and condensation, requiring complexing or
chelating ligands to limit uncontrolled reactions. Acetic acid and acetylacetone are added to
the precursor solution to alleviate the issue. Acetic acid can act as both chelating and bridging
agent, while acetylacetone only acts as chelating agent. This chelating agent blocks hydrolysis
site with the replacement of reactive alkoxide ligand. A typical reaction with acetic acid is
described below:

n n x xM OR xCH COOH M OR CH COO xROH3 3( ) ( ) ( )-+ ® + (6)

This typical reaction states that the species contains both the acetate and alkoxide ligands.
Being bidentate in nature [61] and sterically larger than alkoxy group, the acetate ligands are
not much susceptible to hydrolysis. In addition to this, acetylacetone plays the role of stabilizer
of colloidal solution as well since it prevents aggregation of colloidal particles by creating steric
hindrance [62]. In a typical chelate process, YDSZ was prepared via chelate route using
acetylacetone [49]. This chelate process has been widely used to fabricate YSZ and BZY films
for SOFC electrolytes [36, 40, 50–52, 63].

2.3. Metallo-organic decomposition (MOD)

This method involves high molecular weight precursors such as water-insensitive carboxylates
and 2-ethylhexanoates. This process is less common than the other methods [59, 64]. This
method is straightforward without necessitating precise control of the chemistry. Long-chain
carboxylate compounds such as lead 2-ethylhexanoate, titanium dimethoxy dineodecanoate,
zirconium neodecanoate, etc. are used as precursors, whereas the common solvent is xylene.
The method involves simply dissolution of the metallo-organic compounds in a common
solvent. The organic moieties of long-chain length compounds enhance dissolution tendency
and concomitantly hinder hydrolysis tendency. They are normally dissolved in common
solvent such as xylene [59, 64–66]. As these precursors are water insensitive and nonreactive
to one another, they do not undergo any structural or chemical change [56]. This process is the
simplest one among the three methods since no skill for controlling the hydrolysis and
condensation is necessary. Still, this process suffers from several limitations. First, the large
organic chains may cause crack during its decomposition upon heat treatment. Second,
modification of the solution properties is limited; hence, the microstructure of the thin film
cannot be tailored. This method has been applied specially for the ferroelectric materials [56].
The application of this method is not so popular in the field of SOFCs.
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2.4. Other processing routes

Although the abovementioned three processes have found extensive application, there are
several other routes such as Pechini method (old method), aqueous solution, citrate, nitrate
routes, etc. [56, 59]. Pechini method is an aqueous chemical route which involves dissolution
of metal cations and hydroxycarboxylic acid (such as citric acid, etc.) and ethylene glycol in
deionized water. Till date, simple Pechini method has not shown any remarkable progress in
the field of SOFC electrolytes. Pechini method modified with ethylenediaminetetraacetic acid
(EDTA) has been proved to be an efficient technique for the fabrication of nonporous thin-film
gadolinia-doped barium cerate (BCG) for SOFC [67]. Citrate process is also similar to the
Pechini method [56] without involving ethylene glycol. This method modified with EDTA as
chelating agent successfully produced electrolyte film without through-film crack [38].
Aqueous method includes dissolution of metal nitrates or chlorides and other polymerizing
agents such as polyvinylpyrrolidone (PVP) in deionized water [34]. A SOFC cell with 0.5 μm
thick crack-free YSZ electrolyte film was fabricated via this method. YSZ thin films obtained
by both the aqueous and the nonaqueous processes are identical as per the surface morphology,
which gives the direction toward the development of aqueous method in future.

2.5. Combined colloidal CSD method

The limitation of sol-gel, chelate, and MOD processes lies in obtaining film thicker than
0.5 μm with the application of single-layer coating [68]. Therefore, the multi-coating approach
was required to obtain thicker film. Still, there is limitation for obtaining crack-free film thicker
than 10 μm due to the constraining effect of the substrate. Hence, combined colloidal CSD
method was introduced [32, 63, 68, 69]. This method involves addition of pre-synthesized
nano-powder to CSD solution. This newly formed system consists of precursors, nano-powder
(either synthesized via sol-gel route or commercially purchased), and at least one solvent [69].
Nanoparticles are introduced in the chemical solution to encounter the external constraint due
to the presence of substrate and reduce the extent of differential densification in the planar
dimension. As the metal-oxide network shrinks faster than the substrate, shrinkage mismatch
occurs between the film and the substrate. Since the nanoparticles are supposed to sinter at a
significantly lower rate than the metal-oxide framework [31], nanoparticles were added to the
solution. To date, there are several significant research works on the YSZ thin film and doped
ceria with the thickness ranging from nanometer to several micrometer via CSD method or
combined CSD method [32–34, 39, 60, 63, 68, 70–72]. Several groups have already made micro-
SOFCs based on CSD techniques [39, 70, 72].

3. Deposition techniques

The precursor solution is deposited over the substrate via a number of coating techniques. The
most widely used coating techniques are spin coating, dip coating, and spray coating, as
illustrated in Figure 2. In this section, the film deposition techniques and their application to
SOFC electrolytes will be discussed.
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Figure 2. Schematic diagrams of (a) spin, (b) dip, and (c) spray coating.

3.1. Spin coating

Spin coating is a simple process to deposit uniform thin films on relatively flat substrates
(Table 2). Typically, the substrate to be coated is held in place by vacuum chuck, and the
coating solution is dispensed onto the substrate. The substrate is then accelerated to the
desired rotation speed for certain duration to obtain desirable film thickness. The excess liquid
is spread out from the substrate due to the action of centrifugal force, leaving a thin uniform
coating on the surface of the substrate. The major advantages of spin coating are reproduci-
bility, uniformity, simplicity, ability to use different substrate materials, and low cost. The main
disadvantage of the method is the requirement of the smooth and flat substrate.

Technique Description Advantages Disadvantages Application
Spin
coating 

Evenly coats the substrates
with CSD solution due to the
rotation of the substrate
placed on vacuum
chuck

• Simplicity

• Thin and
uniform
coating

• Low cost

• Relatively
low
throughput

• Requirement of
smooth and flat
substrate

• Semiconductors

• Photoresist

• Insulators

• Organic semiconductors

• SOFC
electrolyte and
cathode, etc.

Dip
coating 

Immersion of a substrate
into CSD solution and
its subsequent removal

• Simplicity

• Controllable
film thickness

• Coating on
irregular
and complex
shaped
substrates

• Variation
in film
thickness

• Coating on the
both sides of
the
substrate
simultaneously

• Flat or cylindrical substrates

• Optical coating on glass, etc.

Spray
coating

Deposition of the
aerosol of CSD
solution, via a
nebulizer or a nozzle,
on the substrate

• Uniform
coating
even
on highly
structured
surfaces

• Expensive • Coating on dielectrics

• Coating
for corrosion
protection, etc.

Table 2. Three coating techniques used for CSD processes.
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The thickness of the coating film is influenced by the spinning speed and time as well as the
solution viscosity. According to the empirical equation, the film thickness (t) is inversely
proportional to the square root of the spin speed (ω: angular velocity) [73]:

t
ω
1

µ (7)

Spinning speed of 2000–3000 rpm is usually used for depositing SOFC electrolyte thin films.
The film thickness of 30–100 nm is obtained after one layer deposition depending on the
viscosity of the solution and duration of spinning. Typical film thicknesses of SOFC electrolytes
are kept usually below 1 μm [31, 34, 38, 44, 74–76]. Several works on electrolyte fabrication
with spin coating technique have been reported in the field of SOFCs [31, 38, 76].

3.2. Dip coating

Dip coating is a simple, flexible, and cost-effective solution deposition technique that allows
coating on both large area and complex shaped substrates. The process involves immersion of
substrate in the solution and subsequent removal. A coherent liquid film is entrained on the
withdrawal of the substrate from the coating fluid, and the film is subsequently consolidated
by drying and accompanying chemical reactions. Typical film thickness obtained is in the
micrometer range.

The process of film formation follows fluid mechanical equilibrium between the entrained film
and the receding liquid. The equilibrium is governed by several forces. Viscous drag and
gravitational forces play the most significant role. Other forces like surface tension, inertial
force, or disjoining pressure also play an important role [77]. A competition between these
forces in the film deposition region governs the thickness of the film. The film thickness is given
by the Landau-Levich equation [78, 79]:

ηUt
γ ρg

2/ 3

1/6 1/ 20.94= (8)

where η is the liquid viscosity, U is the withdrawal speed, γ is the surface tension, and ρ is the
liquid density. This technique is not applied for electrolyte fabrication of SOFCs because this
technique aids in the formation of film on both sides of the substrate.

3.3. Spray coating

The spray coating technique is based on the transformation of a liquid precursor solution into
a fine aerosol by atomizer or nebulizer [80]. These fine droplets are then deposited on a
substrate surface either with carrier gas or with an electrostatic field or by gravity. The substrate
may be at room temperature or above. The different spray techniques are mainly distinguished
by the method of atomization [81] and, hence, produce different morphologies of the film. For
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example, YSZ thin films deposited using electrostatic spray deposition (ESD) and pressurized
spray deposition (PSD) on the substrate [82] showed different morphologies from dense to
porous. Other parameters such as flow rate, substrate temperature, and deposition time also
influence the morphology of the deposited film. The flow rate should not exceed a certain value
for a particular composition of the solution and associated parameters; otherwise, cracks may
form. Spray pyrolysis has also been applied for the deposition of SOFC electrolyte thin films
[71, 83, 84]. To mention a significant work, a gastight bilayer electrolyte fabricated via spray
coating technique demonstrated a power density of 750 mW/cm2 with the achievement of
1.01 V OCV at 770°C [84].

4. Solution chemistry

The chemistry of the solution determines the morphology of the film. A wide knowledge of
chemistry is required to formulate workable solution. Attention must be paid to several issues
such as reactivity among the precursors and solvent, homogeneity of the solution, solvent
vapor pressure, wettability of the solvent to the substrate surface, reaction products, pH and
viscosity of the solution, etc.

The hydrolysis and condensation reaction needs to be controlled carefully to tailor the
morphology of the film. Precursors with more than two hydrolysis sites are highly sensitive
toward hydrolysis and form three-dimensional networks during gelation, which provides
rigidity to the M–O–M network and inhibits densification of the final sintered film. Water,
chelating agent, and modifying ligand are added to block the hydrolysis sites of the precursors.
Precursors with two unblocked sites form linear structure, which facilitates almost stress-free
densification in all directions.

Transition metal alkoxide precursors require special attention because of their high reactivity
and inclination toward coordination expansion. Due to their coordination expansion, these
metals become coordinatively unsaturated. In order to satisfy their coordination, they
sometimes get integrated with water and subsequently undergo precipitation. These highly
sensitive alkoxides need to be handled in glove box initially. Diethanolamine (DEA) and
triethanolamine (TEA) are generally used to stabilize alkoxides of transition metals [85].
Stabilization also occurs via chelation and alcohol exchange method. After modification, they
do not react with moisture in air.

Compositional homogeneity is desirable for the successful fabrication of film without any
defect. Striation is a very common problem associated with heterogeneous solution. Striation
is a series of ridges resulting into variation in thickness throughout the film [86]. Heterogeneity
is associated with the separation of polymer-rich and polymer-deficient portion of the solution
due to the presence of both polar and nonpolar precursors in a multicomponent system.
Therefore, a single solvent with both the characters is desirable to maintain homogeneity. For
example, 2-methoxyethanol having both the characters is a widely used solvent. Heterogene-
ous solution also results from the mixture of the solvents of different characters such as specific
gravity. Phase separation is another issue associated with the heterogeneous solution, which
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occurs due to the different rate of the hydrolysis of different components. Refluxing treatment
is carried out to address the issue. This treatment helps in random combination of cations [87].

Solvent vapor pressure is one important parameter because solvent determines the film
thickness and its rigidity. The short-chain alcohols are generally used for thinner film, while
the long-chain alcohols are for thicker films [88, 89]. Short-chain alcohols have higher tendency
to leave film faster because of its higher vapor pressure. Higher vapor pressure generates
higher capillary force, which drives precursors in greater proximity, thereby causing higher
cross-linking among metal-oxide precursors. This cross-link offers rigidity to the film, pro-
ducing crack in the film [29]. On the other hand, the solvents with low vapor pressure hinder
cross-linking reaction, resulting into the crack-free film.

The solution pH and the product generated during condensation reaction have immense
influence over the rate of condensation reaction [90, 91]. The reaction products are alcohol and
water. Alcohol is eliminated during deposition, which forces the condensation reaction to shift
toward the forward direction. Thus, more M–O–M cross-linked network forms. The presence
of water in the solution or in the ambient atmosphere slows down the condensation process.
The early work showed that the density of the film was enhanced with the presence of more
water [91].

Viscosity and concentration of the solution are other variables to control the thickness and the
initiation of the crack throughout the film. Early work demonstrated that the higher concen-
tration of the solution produced the thicker film with crack. As per the literature report, the
critical thickness limit for the film is governed by the following equation [92]:

( )
IC

C

K
h

σΩ Σ
= (9)

where h is the critical thickness, KIC is the critical stress intensity factor, σ is the tensile stress
in the film, and Ωc(Σ) is the ratio of Young’s modulus of the film to that of the substrate.

Solution properties Effects

Polar and nonpolar character of the solvent Striation: variation of film thickness

Vapor pressure of solvent Cracking, dewetting

Concentration and viscosity Film thickness, crack formation, and uniformity of film

Modifying ligand Possible formation of 2D network instead of 3D network

Long-chain polymer Low tensile stress in the film

Presence of water Slower condensation reaction

Presence of alcohol Faster condensation reaction

Table 3. Solution properties.
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The equation describes the dependence of the critical thickness on the tensile stress exerted on
it. Critical thickness decreases with the increase in tensile stress. The critical thickness of film
can be increased with the use of longer-chain solvents [89]. Another approach to deal with this
issue is to increase the adhesion between the substrate and film [29]. During shrinkage,
formation of crack occurs due to the large mismatch of thermal expansion coefficients of the
film and the substrate. The strain energy is relieved via the formation of crack, but this strain
energy can be balanced by the strength of adhesion of the film to the substrate. Excellent
substrate-film adhesion may provide relaxation for the fabrication of thicker film. Therefore,
modification of substrate surface before deposition has significance. The properties of solution
and their effects are summarized in Table 3.

5. Heat treatment

5.1. Physical changes occurring during heat treatment

Several phenomena occur after deposition of film. They are hydrolysis, drying, condensation,
gelation, and densification [93]. Generally, gelation and drying phenomena occur simultane-
ously during deposition and continue afterward. The deposited film acts as a viscoelastic solid,
which is an inorganic framework with organic moieties entrapping solvent [94]. These organics
are removed with heat treatment via either pyrolysis or thermolysis process. Pyrolysis occurs
in the presence of oxygen, whereas thermolysis occurs in the absence of oxygen. Followed by
organic removal, crystallization occurs. Partial densification takes place in the amorphous
stage, while the final densification occurs after crystallization.

Hydrolysis-condensation reaction generally occurs in the temperature range of 80 to 400°C.
This reaction generates water and alcohols, which are removed via drying process. During
drying or organic removal process, a gas-liquid interface is generated within the pores because
of the evaporation of liquid. In addition to this, gas-solid and solid-liquid interfaces also exist.
These interfaces generate pressure, which gives birth to capillary contraction. The magnitude
of capillary contraction depends on the specific energies across these interfaces, nature of the
liquid, and pore size. This capillary contraction is responsible for producing the driving force
to the collapse of the amorphous network. This driving force is proportional to the pore
diameter. At this stage, the film might be prone to crack because of the pressure differential
occurring due to the presence of pores with different diameters. The total stress due to drying,
capillary contraction, and network consolidation is normally around 100 MPa [95].

Gelation occurs due to the continuous removal of water and organics. During gelation,
M–O–M network starts forming. With the heat treatment, a good number of M–O–M
linkages form and densification proceeds. Skeletal densification occurs with the structural
rearrangement of M–O–M bond. The structure approaches to the state of metastable liquid
in the temperature range of 400–600°C. With the increase in temperature, viscous flow
occurs [51], followed by crystallization above 600°C. However, crystallization starts after
complete removal of organics. Crystallization kinetics depends on its own nature of
crystallization (i.e., glass formers have slow rate of crystallization, while other oxides show
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in the temperature range of 400–600°C. With the increase in temperature, viscous flow
occurs [51], followed by crystallization above 600°C. However, crystallization starts after
complete removal of organics. Crystallization kinetics depends on its own nature of
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moderate to high rate of crystallization) and the heating schedule. Structural relaxation
occurs during crystallization process. The presence of organic groups delays structural
relaxation and crystallization to a higher temperature. Following this principle, crystalli-
zation is purposefully delayed so that densification gets over before crystallization [50].
All the processes overlap one another. There is no distinct temperature range. Depending
on the solution chemistry, the processes may occur faster or slower.

5.2. Phase transformation

After completion of pyrolysis, liquid film transforms to the metastable amorphous stage. With
further heat treatment to the higher temperature, the amorphous film transforms to the
crystalline stage via nucleation and growth process. Thermodynamic driving force plays a role
behind this transformation. This force comes from the difference between the free energies of
those two states. Figure 3 describes the phenomena. The driving force for transformation to
the final stage depends on the crystallization temperature and the free energy associated with
both stages of the films.

Figure 3. Thermodynamic driving force associated with phase transformation.

Crystallization kinetics starts with the nucleation, which is quite similar to the transformation
from amorphous glassy to crystalline phase. The different features of CSD-derived film are
associated with the presence of residual hydroxyl group, excess surface area associated with
the porosity, and skeletal density. However, the nucleation and growth theory applicable for
glass-ceramic science also applies to the transformation of the CSD-derived film [96]. Gibb’s
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free energy (ΔG) associated with the driving force for crystallization is expressed by the
following equation:

(10)

where ΔGv and σ are Gibb’s free energies associated with unit volume and surface, respectively,
and r is the radius of the nucleus formed during nucleation. The equation gives rise to the
concept of critical radius. A critical radius (r*) is the minimum required radius for the formation
of stable nucleus. The derivative of the above equation with respect to radius gives the
relationship between the critical radius (r*) and the energy barrier (ΔG*) required to be
overcome to form a stable nucleus, which is described by the following equation:
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This equation holds good for homogeneous nucleation where the amorphous film does not
encounter any nucleation site. Heterogeneous nucleation occurs when the amorphous material
can rest on nucleation site, i.e., any surface such as impurity, substrate, grain boundaries, etc.
In case of heterogeneous nucleation, the above equation is modified by the contact angle term,
f(θ), associated with the substrate surface (roughness) and the crystal:

(12)

where

(13)

where θ is the contact angle between the substrate surface and the crystal. Heterogeneous
nucleation is always energetically favorable because of the lower energy barrier due to the
presence of the preferential nucleation sites.

Rates of nucleation and growth with respect to the temperature coordinate are important factors
for tailoring microstructure of the film. Higher nucleation rate gives finer microstructure, while
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higher rate of growth with lower nucleation gives coarse microstructure. The relationship
among temperature, nucleation density (number of nuclei in a cubic meter volume), and free
energy barrier is governed by the following equation:
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As the temperature is raised, higher energy is provided to overcome the nucleation barrier.
Therefore, the rate of nucleation increases. After nucleation rate reaches the maximum height,
it declines with further increase of temperature. Driving force for crystallization gets reduced
as the material approaches its melting temperature [94] and barrier height to nucleation
increases. This type of phenomena gives rise to a bell-shaped curve. The same kind of curve
is also applicable for the growth rate. A typical curve is presented in Figure 4.

Figure 4. Schematic of nucleation and growth locus in temperature coordinate for homogeneous nucleation (ideal
case).

The nucleation curve is followed by the growth rate curve on the temperature coordinate, and
they overlap to some extent. The area of the overlapped region depends on chemical
composition of the solution, fabrication procedure, and prior heat treatment history. The
representation in Figure 4 is applicable for the homogeneous nucleation [97] as the apex of
the growth rate curve lies at higher temperature than that of the nucleation rate curve. Based
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on the calculation, the maximum nucleation rate may be located at higher temperature than
the maximum growth rate in case of heterogeneous nucleation. The schematic representation
of these phenomena is depicted in Figure 5.

Figure 5. Schematic of nucleation and growth locus in temperature coordinate for heterogeneous nucleation and ho-
mogeneous nucleation with low interfacial energy.

In case of the film on the substrate, crystallization is affected due to the presence of two separate
nucleation events. One is the surface nucleation of the film which is homogeneous in nature,
and the other one is the interfacial nucleation on the substrate. Nucleation occurs on both the
substrate and film surfaces, as represented in Figure 6.

Figure 6. Kinetic competition between two nucleation events on the interface and on the surface of the film: (a) nuclea-
tion at the interface only and (b) nucleation at both interface and surface of the film.

Heterogeneous nucleation occurs at the substrate first, while homogeneous nucleation and
growth event occur on the surface of the film; growth direction is opposite to each other. The
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density of nucleus is higher at the interface than at the surface of the film. The dominance of
one process over the other depends on the crystallization temperature of the film. The film
with lower crystallization temperature shows smaller difference in the kinetics of two
nucleation events, than the film with higher crystallization temperature [98].

5.3. Salient features

Heating rate also has impact over the kinetics of these processes. Various heating schedules
with several heating rates are used to keep control over the microstructure of the film. Keddie
and Giannelis experimented on the effect of heating rate (0.2–8000°C/min) for the densification
of TiO2 film as model system [99] and found that the thinnest film was obtained with the
highest heating rate. Rapid thermal annealing (RTA) and isothermal heat treatment at high
temperature are two useful processes for thin-film fabrication [50, 99].

Effect of the substrate is another important issue for the orientation of thin film. A highly
oriented phase-pure barium zirconate (BaZrO3) film fabricated via sol-gel route was epitaxially
grown on (100) plane on strontium titanate (SrTiO3) at 800°C, while the same solution depos-
ited on LaAlO3 substrate had produced film with random structure [35].

6. Conclusion

The CSD method combined with right sintering strategy is the blessing in the sector in SOFC
manufacturing. The growth of the SOFC technologies is restricted mostly to the R&D sector
because suitable position in the market of clean energy sources is yet to be achieved. The hurdle
behind commercialization of intermediate to low-temperature SOFCs arises from its high
manufacturing cost. The CSD method has proved to be a potential technique in this field.
Although this method did not find application for over a century after its discovery, now it is
progressing exponentially with time in all the sectors of thin film. The fabrication of crystalline
YSZ and YDSZ film has initiated a new era in the manufacturing of SOFCs, which ensures the
rapid commercialization of SOFCs in the near future. This technology requires low investment
cost while demanding a good command over chemistry. Therefore, CSD technology is facing
several difficulties related to the fabrication strategies. The major issues are preparation of
homogeneous solution for multicomponent system, preservation of the solution for a consid-
erable duration without aging, handling with highly reactive precursors, controlling the
hydrolysis-condensation reaction, gelation kinetics, solvent evaporation, choice of environ-
ment-friendly chemicals without compromising necessary properties, selection of appropriate
deposition technique, right heating schedule and environment, determination of critical
thickness limit, etc. Many challenges have been successfully dealt with, while a good number
of issues need more attention. However, recent success stories predict the bright future of this
technology. Presently, effort is also given to the water-based CSD method.
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Abstract

Most photovoltaic devices (solar cells) sold in the market today are based on silicon 
wafers, so‐called first‐generation technology. There is an argument whether the mar-
ket at present is on the verge of switching to a “second generation” of thin‐film solar 
cell technology. Thin‐film photovoltaic device technology relies on light management 
to enhance light absorption in thin absorber layers. The use of the ZnO nanorods in the 
thin‐film solar cells is an effective way to decrease the reflection. The variation of the geo-
metrical parameters of the ZnO nanorods, such as the diameter, the height and the den-
sity, can lead to an optimum, which results in the maximal absorption in the absorber.

Keywords: thin film, solar cell, nanostructure, electrodeposition, efficiency

1. Introduction

The solar energy as one of the new energy sources and a regenerated energy is abundant and 
pollution free. Most photovoltaic devices (solar cells) sold in the market today are based on 
silicon wafers, so‐called first‐generation technology. There is an argument that whether the 
market at present is on the verge of switching to a “second generation” of thin‐film solar cell 
technology. Nowadays three types of the thin‐film solar cells have realized industrialization. 
They are copper indium gallium selenide (CIGS) solar cells, CdTe solar cells and a‐Si solar 
cells. CIGS‐based thin‐film photovoltaic devices show the highest efficiency among the various 
thin‐film technologies, having recently reached a record value of 22.6% for the laboratory scale 
[1]. CdTe‐based thin‐film solar cells have got a record lab efficiency of 22.1% [2]. Some of the 
technologies have already entered the stage of mass production with commercial modules that 
provide stable efficiencies in the 13–14% range. There is still a large gap between the lab‐scale 
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efficiency and the module efficiency indicating the great potential of the technologies. It is 
vitally important to further develop the innovative thin‐film technologies using environmen-
tally friendly and sustainable approaches with lower costs and higher efficiencies.

2. Nanostructured thin‐film solar cells

This section starts with a brief introduction on ZnO fundamental properties and the definition 
of nanostructures. The structures of the thin‐film photovoltaic devices are depicted. Then the 
nanorod meets the solar cell. The applications of the ZnO nanorods in thin‐film photovoltaic 
devices are given. It is followed by the results on the efficiency boost of the thin‐film solar cells 
implanted with ZnO nanorods.

2.1. Implantation of the nanostructures

ZnO is a wide direct bandgap II–VI semiconductor. In last decade, the ZnO material ranging 
from its thin films to nanostructures has been widely investigated for their applications in 
various electronic and optoelectronic devices. ZnO is not really a newly discovered material. 
Research on ZnO has continued for many decades with interest. In terms of its characteriza-
tion, reports go back to 1935 or even earlier. For example, lattice parameters of ZnO were 
investigated for many decades [3–7].

Most of the group II–VI binary compound semiconductors crystallize in either cubic zinc blende 
or hexagonal wurtzite structure where each anion is surrounded by four cations at the corners of 
a tetrahedron and vice versa. Three kinds of crystal structures are shared by ZnO, which are rock-
salt, zinc blende and wurtzite [8]. The zinc blende ZnO structure can be stabilized only by growth 
on cubic substrates, and the rocksalt structure may be obtained at relatively high pressures [8].

In a variant of the cell structure the nontransparent rear metal contact can be replaced by a 
transparent conductive oxides (TCO) film. For conventional CIGS thin‐film solar cells, metal-
lic Mo back electrodes are commonly used, making it impossible for light to pass through the 
metal electrode layer. It is possible to reverse the cell structure by starting with the deposi-
tion of the transparent contact (superstrate configuration). ZnO nanorod arrays are embedded 
between the TCO layer and the absorber layer serving as a buffer role. Optionally, an addi-
tional buffer layer can be inserted between the ZnO nanorods and the absorber in the super-
strate solar cells. The light enters the cell through the superstrate, which has the advantage 
that the module can be encapsulated with nontransparent material of lower mass and lower 
cost. Moreover, if the other contact electrode were replaced by a TCO contact, the cell would 
be illuminated by both sides. In addition, the ZnO nanorod arrays have been incorporated into 
a superstrate or a bifacial cell structure of the other thin‐film photovoltaic devices such as dye‐
sensitized solar cells [9], quantum dye‐sensitized solar cells [10] and organic solar cells [11].

2.2. Efficiency boost of the nanostructured thin‐film solar cells

The ZnO nanorods electrodeposited on fluorine doped tin oxide (FTO) substrates have a 
typical bottom diameter of 220 nm and a top diameter of 120 nm. The ZnO nanorod arrays’ 
density is 6.8 × 108 1/cm2. The simulation of the nanostructured structure started with the 
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ZnO nanorod arrays possessing this typical morphology and geometry. The modeling results 
including reflectance, transmission and absorption were weighted with the AM 1.5 solar spec-
trum. The optical modeling results on the structure of glass/SnO2:F/ZnO nanorods/Cu(In,Ga)
Se2. The optical constants of the Cu(In,Ga)Se2 is derived from the layer. At first, The ZnO 
nanorod arrays’ densities were varied while the other parameters such as the diameters and 
lengths are fixed. Table 1 and Figure 1 show the modeling results. The densities are varied 
from 4.2 × 108 to 3.2 × 109 1/cm2. Correspondingly, the percentage site coverages of the ZnO 
nanorods on the FTO surface are varied from 13.2 to 100%. As shown in the table, an increase 
in the ZnO nanorods’ density leads to a considerable decrease in the reflection. The reflection 
is decreased from 12.07 to 5.60% by increasing the ZnO nanorods’ density from 4.2 × 108 1/cm2  
(site coverage 13.2%) to 3.2 × 109 1/cm2 (site coverage 100%). An increase in the ZnO nanorods’ 
density results in an increase in the transmission. With increasing the ZnO nanorods’ density 
from 4.2 × 108 1/cm2 (site coverage 13.2%) to 3.2 × 109 1/cm2 (site coverage 100%), the transmis-
sion is increased from 3.33 to 4.36%. The reason for the increase of the transmission in the 
range between 900 and 1200 nm is that ZnO nanorods work as a waveguide for the infrared 
light. As a result of the rise in the ZnO nanorods’ density from 4.2 × 108 1/cm2 (site coverage 
13.2%) to 3.1 × 109 1/cm2 (site coverage 97.5%), the absorption in SnO2:F descends from 12.15 
to 11.09%. However, the absorption in the SnO2:F ascends from 11.09 to 11.58% with increas-
ing the ZnO nanorods’ density from 3.1 × 109 1/cm2 (site coverage 97.5%) to 3.2 × 109 1/cm2  
(site coverage 100.0%). An increase in the ZnO nanorods’ density leads to a continuous 
increase of the absorption in ZnO nanorods. Owing to the decrease of the reflection and the 
SnO2:F absorption with increasing the ZnO nanorods’ density from 4.2 × 108 1/cm2 (site cover-
age 13.2%) to 3.1 × 109 1/cm2 (site coverage 97.5%), the absorption in Cu(In,Ga)Se2 is boosted 
from 63.30 to 68.13%. An increase in the ZnO nanorods’ density over 3.1 × 109 1/cm2 results in 
a reduction in the absorption of Cu(In,Ga)Se2. Therefore, the structure with the ZnO nanorods’ 
density of 3.1 × 109 1/cm2 (site coverage 97.5%) has the maximum absorption in Cu(In,Ga)Se2.

Sample ZnO nanorods’ 
height (mm)

Reflection (%) Transmission 
(%)

Absorption in 
Sn2O3:F (%)

Absorption in 
ZnO nanorods 
(%)

Absorption in 
Cu(In,Ga)Se2 
(%)

1 – 13.18 3.47 12.27 – 62.20

2 50 8.30 3.54 11.75 1.01 66.52

3 90 5.97 3.77 11.34 1.45 68.59

4 100 5.88 3.83 11.28 1.48 68.65

5 110 5.86 3.90 11.24 1.50 68.62

6 200 5.93 4.08 11.18 1.73 68.20

7 300 5.70 4.31 11.09 1.89 68.13

8 400 5.72 4.64 10.98 2.02 67.76

9 700 5.65 5.39 10.88 2.31 66.89

10 1000 5.74 6.02 10.95 2.58 65.83

Table 1. The optical modeling results on the structure of glass/SnO2:F/ZnO nanorods/Cu(In,Ga)Se2. The simulated ZnO 
nanorod has a bottom diameter of 220 nm and a top diameter of 120 nm. The density of the nanorods is 3.1 × 109 1/cm2 
with the site coverage of 97.5%. The heights of the ZnO nanorods are varied.
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Since the ZnO nanorods’ density has been optimized to be 3.1 × 109 1/cm2 (site coverage 
97.5%), the other morphological parameters of the ZnO nanorods would be varied to achieve 
the maximum absorption in Cu(In,Ga)Se2. Thus, the ZnO nanorods’ heights are varied while 
the other parameters such as the diameters and densities are fixed. Table 2 and Figure 2 show 
the modeling results. The nanorods’ heights are varied from 50 to 1000 nm. By increasing the 
ZnO nanorods’ height from 50 to 110 nm, the reflection of the structure is decreased from 
8.30 to 5.86%, which is diminished by 29.4%. An increase in the ZnO nanorods’ heights from 
110 to 1000 nm does not induce a significant change of the structures’ reflections and the 
reflections vary in a small range between 5.65 and 5.93%. As shown in Table 2, an increase 
in the ZnO nanorods’ height leads to a considerable increase of the structure's transmis-
sion. The transmission is boosted from 3.57 to 6.02% by increasing the ZnO nanorods’ height 
from 50 to 1000 nm, which is enlarged by 68.6%. As shown in Figure 2, the increase in the 
transmission is in the range from 900 (1.38 eV) to 1200 nm (1.03 eV), because ZnO nanorods 
work as a waveguide enhancing the infrared transmission. An increase in the ZnO nanorods’ 
height from 50 to 700 nm induces a slight decrease of the absorption in SnO2:F from 11.75 
and 10.88%, which is diminished by 7.4%. However, the absorption in the SnO2:F ascends 
from 10.88 to 10.95% with increasing the ZnO nanorods’ height from 700 to 1000 nm. An 

Figure 1. The simulated optical spectra of the structure of glass/SnO2:F/ZnO nanorods/Cu(In,Ga)Se2. The simulated ZnO 
nanorod has a bottom diameter of 220 nm and a top diameter of 120 nm. The nanorod's height is 300 nm. The densities of 
the ZnO nanorod arrays are varied. Correspondingly the percentage site coverages of the ZnO nanorods on the SnO2:F 
surface are varied.
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the ZnO nanorod arrays are varied. Correspondingly the percentage site coverages of the ZnO nanorods on the SnO2:F 
surface are varied.
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increase in the ZnO nanorods’ height leads to a continuous increase of the absorption in 
ZnO nanorods. The absorption in ZnO nanorods ascends from 1.01 to 2.58% as a result of the 
increase in the nanorods’ height from 50 to 1000 nm. Owing to the decrease of the reflection 
and the SnO2:F absorption with increasing the ZnO nanorods’ height from 50 to 100 nm, the 
absorption in Cu(In,Ga)Se2 is boosted from 66.52 to 68.65%. As a consequence of the boost in 
the transmission and the ZnO nanorod absorption, an increase in the ZnO nanorods’ height 
over 100 nm results in a reduction in the absorption of Cu(In,Ga)Se2. Therefore, the nano-
structured thin‐film solar cells with the ZnO nanorods’ height of 100 nm has the maximum 
absorption in Cu(In,Ga)Se2.

First, the ZnO nanorods’ bottom diameters are varied while the other parameters such as the 
top diameter, length and density are fixed. Table 3 and Figure 3 show the modeling results. 
The nanorods’ bottom diameters are varied from 120 to 220 nm. Correspondingly, the per-
centage site coverage of the ZnO nanorods on the FTO surface is varied from 29.9 to 97.5%. As 
shown in the table, the ZnO nanorod possessing the same size of the bottom and top diam-
eters has the hexagonal prism morphology and shows a high reflection of 10.31%. An increase 
in the ZnO nanorods’ bottom diameter leads to a considerable decrease in the reflection. By 
increasing the ZnO nanorods’ bottom diameter from 120 (site coverage 29.9%) to 220 nm (site 
coverage 97.5%), the reflection is decreased from 10.31 to 5.88%, which is reduced by 43.0%. 
With increasing the ZnO nanorods’ bottom diameter from 120 (site coverage 29.9%) to 220 
nm (site coverage 97.5%), the transmission is slightly increased from 3.66 to 3.83%. As a result 
of the rise in the ZnO nanorods’ bottom diameter from 120 (site coverage 29.9%) to 220 nm 
(site coverage 97.5%), the absorption in SnO2:F descends from 11.81 to 11.28%. An increase in 
the ZnO nanorods’ bottom diameter leads to a continuous increase of the absorption in ZnO 
nanorods. Owing to the decrease of the reflection and the SnO2:F absorption with increasing 
the ZnO nanorods’ bottom diameter from 120 (site coverage 29.9%) to 220 nm (site cover-
age 97.5%), the absorption in Cu(In,Ga)Se2 is boosted from 64.91 to 68.65%. Therefore, the 
nanostructured thin‐film solar cells with the ZnO nanorods’ bottom diameter of 220 nm (site 
coverage 97.5%) has the maximum absorption in Cu(In,Ga)Se2.

Sample ZnO nanorods’ 
bottom diameter 
(nm)

Nanorod site 
coverage (%)

Reflection  
(%)

Transmission 
(%)

Absorption  
in Sn2O3:F  
(%)

Absorption  
in ZnO 
nanorods (%)

Absorption in 
Cu(In,Ga)Se2  
(%)

1 – – 13.18 3.47 12.27 – 62.20

2 120 29.9 10.31 3.66 11.81 0.43 64.91

3 160 53.2 8.39 3.73 11.56 0.89 66.55

4 200 89.7 6.55 3.81 11.35 1.31 68.10

5 210 94.2 6.18 3.82 11.31 1.38 68.43

6 220 97.5 5.88 3.83 11.28 1.48 68.65

Table 2. The optical modeling results on the structure of glass/SnO2:F/ZnO nanorods/Cu(In,Ga)Se2. The simulated ZnO 
nanorod has a top diameter of 120 nm and a length of 100 nm. The density of the ZnO nanorod arrays is 3.1 × 109 1/
cm2. The bottom diameters of the ZnO nanorod are varied. Correspondingly the percentage site coverages of the ZnO 
nanorods on the SnO2:F surface are varied.
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Since the ZnO nanorods’ bottom diameter has been optimized to be 220 nm, the top diameter of 
the ZnO nanorods would be varied to achieve the maximum absorption in Cu(In,Ga)Se2. Table 4 
and Figure 4 show the modeling results. The nanorods’ top diameters are varied from 80 to 160 
nm. With increasing the ZnO nanorods’ top diameter from 80 to 150 nm, the reflection of the 
structure is decreased from 6.85 to 5.64%, which is diminished by 17.7%. As shown in Table 4 an 
increase in the ZnO nanorods’ top diameter over 150 nm results in a slight increase in the reflec-
tion. The reflection of the structure with the ZnO nanorods possessing a top diameter of 160 nm 
is 5.65%. By increasing the ZnO nanorods’ top diameter from 80 to 160 nm, the transmission 
is increased from 3.67 to 3.96%. As a result of the rise in the ZnO nanorods’ top diameter from 
80 to 160 nm, the absorption in SnO2:F descends from 11.48 to 11.18%. An increase in the ZnO 
nanorods’ top diameter leads to a continuous increase of the absorption in ZnO nanorods. Owing 
to the decrease of the reflection and the SnO2:F absorption with increasing the ZnO nanorods’ 
top diameter from 80 to 140 nm, the absorption in Cu(In,Ga)Se2 is boosted from 67.84 to 68.76%. 
By increasing the ZnO nanorods’ top diameter from 140 to 150 nm, the absorption in Cu(In,Ga)
Se2 keeps constant. An increase in the ZnO nanorods’ top diameter over 150 nm results in a 
reduction in the absorption of Cu(In,Ga)Se2. Therefore, the nanostructured thin‐film solar cells 
with the ZnO nanorods’ top diameter of 150 nm has the maximum absorption in Cu(In,Ga)Se2. 
Compared with the structure without using the ZnO nanorods, the absorption of Cu(In,Ga)Se2 
in the nanorod‐integrated structure is boosted from 62.20 to 68.76%, which is enlarged by 9.5%.

Figure 2. The simulated optical spectra of the structure of glass/SnO2:F/ZnO nanorods/Cu(In,Ga)Se2. The simulated ZnO 
nanorod has a bottom diameter of 220 nm and a top diameter of 120 nm. The density of the nanorods is 3.1 × 109 1/cm2 
with the site coverage of 97.5%. The heights of the ZnO nanorod are varied.
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Sample ZnO nanorods’ 
top diameter 
(nm)

Reflection (%) Transmission 
(%)

Absorption in 
Sn2O3:F (%)

Absorption in 
ZnO nanorods 
(%)

Absorption in 
Cu(In,Ga)Se2 
(%)

1 – 13.18 3.47 12.27 – 62.20

2 60 6.85 3.67 11.48 1.28 67.84

3 80 6.48 3.73 11.41 1.34 68.16

4 100 6.15 3.78 11.35 1.40 68.44

5 120 5.88 3.83 11.28 1.48 68.65

6 130 5.77 3.87 11.25 1.51 68.72

7 140 5.69 3.90 11.22 1.55 68.76

8 150 5.64 3.93 11.20 1.59 68.76

9 160 5.65 3.96 11.18 1.62 68.71

Table 3. The optical modeling results on the structure of glass/SnO2:F/ZnO nanorods/Cu(In,Ga)Se2. The simulated ZnO 
nanorod has a bottom diameter of 220 nm and a height of 100 nm. The density of the ZnO nanorod arrays is 3.1 × 109 1/
cm2. The top diameters of the ZnO nanorods are varied.

Figure 3. The simulated optical spectra of the structure of glass/SnO2:F/ZnO nanorods/Cu(In,Ga)Se2. The simulated ZnO 
nanorod has a top diameter of 120 nm and a height of 100 nm. The density of the ZnO nanorod arrays is 3.1 × 109 1/
cm2. The bottom diameters of the ZnO nanorod are varied. Correspondingly the percentage site coverages of the ZnO 
nanorods on the SnO2:F surface are varied.
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Sample ZnO nanorods’ 
top diameter 
(nm)

Reflection (%) Transmission 
(%)

Absorption in 
Sn2O3:F (%)

Absorption in 
ZnO nanorods 
(%)

Absorption in 
Cu(In,Ga)Se2 
(%)

1 – 13.18 3.47 12.27 – 62.20

2 60 6.85 3.67 11.48 1.28 67.84

3 80 6.48 3.73 11.41 1.34 68.16

4 100 6.15 3.78 11.35 1.40 68.44

5 120 5.88 3.83 11.28 1.48 68.65

6 130 5.77 3.87 11.25 1.51 68.72

7 140 5.69 3.90 11.22 1.55 68.76

8 150 5.64 3.93 11.20 1.59 68.76

9 160 5.65 3.96 11.18 1.62 68.71

Table 4. The optical modeling results on the structure of glass/SnO2:F/ZnO nanorods/Cu(In,Ga)Se2. The simulated ZnO 
nanorod has a bottom diameter of 220 nm and a height of 100 nm. The density of the ZnO nanorod arrays is 3.1 × 109 1/
cm2. The top diameters of the ZnO nanorods are varied.

Figure 4. Current versus time transients obtained on FTO substrate at potential of −1.39 V.
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3. Growth of ZnO nanorod arrays

The solution‐based fabrication routes including hydrothermal method and electrochemical 
deposition (ECD) method are the ways to grow ZnO nanostructures at a low temperature 
down to the range between 60 and 90°C [12–23]. Meanwhile the growth can be achieved over 
large areas up to 30 × 30 cm. A two‐stage electrodeposition method for tailoring the ZnO 
nanostructures is presented.

3.1. Nucleation and crystal growth

For the electrolyte recipe of ZnO nanostructures, there are two choices for the Zn source in the 
solution: ZnCl2 [12] or Zn(NO3)2 [13]. In order to provide the oxygen source, one would have 
to bubble O2 into the electrolyte during electrodeposition if ZnCl2 were used [12]. The oxygen 
source is from the reduction of NO3

- for the electrolyte using Zn(NO3)2. The formations of ZnO 
by NO3

- precursors were described in Eqs. (1)–(4) as follows [13].

  Zn   (   NO  3   )    2   →  Zn   2+   + 2NO  3  −   (1)

   NO  3  −   + 2e + H  2   O  →  2OH   −   + NO  2  −   (2)

   Zn   2+   + 2OH   −  → Zn   (  OH )    2    (3)

  Zn   (  OH )    2   →  ZnO + H  2   O  (4)

During the ECD process, the electrodeposited products are deposited on one of the electrodes. 
The electrode with the deposited materials is the working electrode (WE). However, the WE is 
not adequate for the complete ECD process. At least another electrode should be installed for 
allowing current to flow. In the simplest case, a two‐electrode cell is used for ECD. In order to 
measure the accurate WE potential, a three‐electrode cell containing a WE, a counter electrode 
(CE) and a reference electrode (RE) is more common. A current flows between the WE and CE, 
while the potential of the WE is measured against the RE. The glass substrates are used as the WE. 
The electrochemical cell was placed in a thermoregulated bath. The liquid electrolyte contains the 
salts regarding the recipes. A schematic illustration of the set up for the ECD process is shown in 
Figure 5. The electrochemical process is controlled and recorded by a potentiostat/galvanostat.

Figure 5. The scheme of the electrochemical deposition system.
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Figure 6 shows a typical curve for current vs transit time obtained in the electrodeposition 
process of the ZnO nanorods. At the beginning of the potential step, there is a rapid surge of 
the current. The potential difference between the FTO surface and the electrolyte leads to the 
accumulation of excess charges near the surface. As a result, the electric double layer is formed 
at the phase boundary [24]. The initial surge corresponds to the electric double layer charging 
at the onset of the potential step [25]. After the surge, current decays abruptly as cations are 
reduced and the anions are oxidized in the close vicinity of the electrode [26, 27]. The nucle-
ation forms in this stage. As fresh cations and anions diffuse, the current began to increase. The 
internal hexagonal structure of ZnO favors the anisotropic growth along the c‐axis direction, 
which leads to the formation of the nanorods [28, 29]. During the nanorods’ growth process, the 
surface area of the nanorods is increasing continuously. Therefore, the transient current density 
cannot be determined except for monitoring the in situ growth of the nanorods and collecting 
the information of the nanorods’ morphological changes during the electrodeposition process.

3.2. Two‐stage electrodeposition

Since the growth of ZnO nanostructures greatly depends on the nucleation process, it is pos-
sible to control the ZnO nanostructures’ growth and properties by adjusting the amperage 
in the nucleation process. We developed a two‐stage electrodeposition method to control the 
electrodeposited ZnO nanostructures’ morphology and geometry. The samples were pre-
pared from an aqueous solution: 7 mM Zn(NO3)2.6H2O and 7mM NH4NO3. The method was 
divided into two stages. A galvanic current (galvanic control) was applied during the first 
stage and then it was switched to a potentiostatic mode (−1.39V) (potentiostatic control) for 
the following growth stage. In order to investigate the influence of the galvanic current on 
the ZnO nanorods’ growth and properties, we prepared one sample by using potentiostatic 
method (−1.39V) and the other samples by using two‐stage electrodeposition method with the 
galvanic current ranging from −0.2 to −2 mA. All the FTO substrates were cut into small 2.5 
cm2 rectangles and then cleaned in an ultrasonic bath of acetone and ethanol with subsequent 
rinsing in distilled water. After preparation, the samples were washed with distilled water to 
remove any residual salt. By using this new method, the packing density of ZnO nanorods on 
bare FTO can be adjusted.

Figure 6. Current versus time transients obtained on FTO substrate at potential of −1.39 V.
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3.3. Control of ZnO nanorod arrays’ density

Since the growth of ZnO nanorods greatly depends on the nucleation process, it is possible 
to control the ZnO nanostructures’ growth and properties by adjusting the current density 
in the nucleation process. We developed a new method, that is, two‐stage electrodeposition 
method to control the packing density and diameter of the electrodeposited ZnO nanorods. 
The two‐stage eletrodeposition method was divided into two stages. A galvanic current was 
applied during the first stage and then it was switched to a potentiostatic mode for the fol-
lowing growth stage. In order to investigate the influence of the galvanic current density on 
the ZnO nanorods’ growth and properties, we prepared one sample by using potentiostatic 
method with a potential of −1.39V and the other samples by using galvanic current ranging 
from −0.2 to −2 mA/cm2.

The average density, average diameter the average length in five ZnO nanorods samples were 
estimated from a statistical evaluation and are summarized in Table 5. The diameter and 
height dispersion in five ZnO nanorod samples are shown in Figure 7. It shows that the ZnO 
nanorods’ density in samples prepared by using two‐stage eletrodeposition method with 
a high galvanic current density (−0.5 to −2 mA/cm2) is larger than that of sample prepared 
under a low galvanic current density (−0.2 mA/cm2). Therefore, it is clear that an increase in 
galvanic current density leads to a considerable increase of the ZnO nanorods’ density. By 
increasing the galvanic current density from −0.2 to −2 mA/cm2, the density of ZnO nanorods 
was boosted from 4.2 × 108 to 1.3 × 109 1/cm2, which is enlarged by ∼200%. According to the 
formations of ZnO by NO3

- precursors described in Eqs. (1)–(4), an increase in a current raises 
the yields of OHˉ ions. As a result, the nucleation sites were boosted in the initial nucleation 
process. The mechanism is illustrated in Figure 8. The ZnO nanorods’ density was increased 
in the following process under the potentiostatic mode.

In order to investigate the nucleation process at the galvanic stage, four samples were prepared 
under a galvanic mode with the galvanic current density ranging from −0.2 to −2 mA/cm2, and 
the process was stopped before the following potentiostatic stage. The densities of the nucleation 
sites in these samples were shown in Table 6. The size of nuclei sites in the sample prepared 
under −0.2 mA/cm2 was too small to be observed in the measurements. By increasing the galvanic 

Galvanostatic stage: 
current density (mA/
cm2)

Potentiostatic stage: 
potential (V)

Average diameter  
(nm)

Average height  
(nm)

Density (108/cm2)

0 −1.39 166 619 6.8

−0.2 −1.39 317 625 4.2

−0.5 −1.39 82 625 9.1

−1.2 −1.39 82 622 13.0

−2 −1.39 74 620 12.9

Table 5. Growth parameters of two stages, average diameter, average height and density of the ZnO nanorods.
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Figure 7. The diameter and height dispersion of the ZnO nanorods prepared by using two‐stage electrodeposition 
method with the galvanic current density of 0 mA/cm2 (a), (b); −0.2 mA/cm2 (c), (d); −0.5 mA/cm2 (e), (f); −1.2 mA/cm2 
(g), (h) and −2 mA/cm2 (i), (j).

Figure 8. The sketch of the ZnO nanorods’ nucleation mechanism under different galvanic current densities.
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Figure 8. The sketch of the ZnO nanorods’ nucleation mechanism under different galvanic current densities.

Modern Technologies for Creating the Thin-film Systems and Coatings356

current density, the density of the nucleation sites was boosted from 1.5 × 109 to 2.4 × 109 1/cm2. 
These nucleation sites assisted the following growth of ZnO nanorods with a higher density.

An increase in the galvanic current density, on the other hand, induced a significant decrease 
of the ZnO nanorods’ average diameter. The average diameter of ZnO nanorods was reduced 
from 317 to 74 nm as the galvanic current density was increased from −0.2 to −2 mA/cm2. The 
size of ZnO nanorods’ diameter depended on the nucleation sites at the initial stage. Since 
the yields of OHˉ ions is higher than Zn2+ ions in the initial process under a higher galvanic 
current density, the fact that the rate of OHˉ generation is larger than the diffusion rate of Zn2+ 
ions to the cathode suppresses the lateral growth of the nucleation sites. As a consequence, the 
size of the nanorods’ diameter was decreased by using a higher galvanic current density. The 
galvanic current did not lead to a significant variation of the ZnO nanorods’ average length 
and the ZnO nanorods keep a virtually constant average length around 620 nm.

4. Conclusion

Thin‐film photovoltaic device technology relies on light management to enhance light absorp-
tion in thin absorber layers. The use of the ZnO nanorods in the thin‐film solar cells is an 
effective way to decrease the reflection. The variation of the geometrical parameters of the 
ZnO nanorods, such as the diameter, the height and the density can lead to an optimum, 
which results in the maximal absorption in the absorber. An approach of a rigorous modeling 
is presented to simulate and optimize the light absorption in the Cu(In,Ga)Se2 absorbers with 
ZnO nanorods.

ZnO nanorod arrays were fabricated by using an electrochemical deposition method. A two‐
stage electrodeposition method for adjusting the ZnO nanorods’ density on bare SnO2:F sub-
strates has been described and analyzed. The ZnO nanorods’ density arrays were adjusted 
from 4.2 × 108 to 1.3 × 109 1/cm2 by increasing the galvanic current density from −0.2 to −2 mA/
cm2. An increase in the galvanic current density induced a significant decrease of the ZnO 
nanorods’ average diameter.

In this chapter, the modeling results show that the use of the ZnO nanorod arrays lead to an 
increase of the absorption in the absorber layer. After that, the growth of the ZnO nanorod 
arrays is tailored towards the optimized shape and geometry of the nanorod arrays. The 
opening questions and further research suggestions are outlined as follows.

Galvanic current density (mA/cm2) Time (s) Density (109/cm2)

−0.2 40 –

−0.5 40 1.5

−1.2 40 2.7

−2 40 2.4

Table 6. Growth parameters and density of the samples prepared under a galvanostatic mode.
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The nanorods in the simulation are vertically aligned on the substrate. However, the real ZnO 
nanorods grown on FTO substrates are randomly oriented. It is suggested to run simulation 
on a tilted nanorod, which reflects the average orientation situation of the nanorod arrays. It 
is suggested to develop more effective ways to tailor the morphology and geometry of the 
ZnO nanorod arrays. Besides the use of the nanorods in the traditional thin‐film solar cells, 
there are other possible methods for improving the light management in the thin‐film solar 
cells. For example, some metal nanoparticles such as silver and gold nanodots can be incorpo-
rated into the solar cells. Due to the surface plasmonic effects of the nanoparticles, light will 
be efficiently coupled into the solar cells. In addition, a nanostructured antireflective coating 
layer can be coated on the surface of the cover glass in the thin‐film solar modules. The anti-
reflective coating layer will decrease the reflection between the glass and the air resulting in 
the boost of the light harvesting in the internal solar cells. The modern technology of the light 
management of the thin‐film solar cells is now developing rapidly and the combination of the 
nanostructures and thin films will show the power.
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Abstract

Semiconductors are the key materials in many of our modern day devices, such as
sensors,  integrated  circuits,  energy  harvesting  devices,  optoelectronics  and  so  on.
However,  apart  from  two  known  elemental  semiconductors  that  are  silicon  and
germanium, we have been using many of the synthesized ones since the microelectronic
revolution known as invention of transistor.  Numerous compound semiconductors
since then have been synthesized, grown, deposited or simply fabricated by numerous
processes in the scientific community. To avoid associated chemical disposals or keep
safe from toxic or combustible gas usages in any semiconductor fabrication facilities,
many researchers choose physical vapor deposition as the simplest method. One of such
processes  is  called  Close-Spaced  Sublimation  (CSS),  which  is  a  kind  of  thermal
evaporation by nature. This chapter would give a comprehensive outline on CSS as one
of the most advantageous semiconductor deposition processes for many compound
semiconductors having relatively low evaporation temperature. Cadmium telluride
(CdTe) is one of the examples utilized for solar cell absorber materials since the early
1980s  using  CSS  technique.  Therefore,  growth  of  CdTe  thin  films  by  CSS  and its
utilization in thin film solar cells will be discussed to comprehend the ultimate benefits
of the close-spaced sublimation (CSS) process.

Keywords: semiconductors, thin films, close-spaced sublimation, temperature profile,
CdTe thin film solar cells
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1. Introduction

Close-spaced sublimation (CSS) is one of the simplest methods in physical vapor deposition.
Materials especially semiconductors that evaporate below 800°C can be coated on substrates
like glass in both vacuum and atmospheric pressure. The target materials have to be in the
form of solid in either chunk or powder form [1–3]. As for example, compound semicon-
ductor like cadmium telluride (CdTe) can be deposited at around 600°C with a thickness of
1–10 μm within 10 min of deposition time, which is one of the fastest deposition times among
other  physical  vapor  deposition  (PVD)  methods.  Needless  to  mention,  CSS  and  binary
compound material  cadmium telluride  (CdTe)  are  densely  interrelated  due  to  extensive
usage of CSS in the growth of CdTe thin film [4, 5]. The binary compound CdTe has been
recognized  as  one  of  the  promising  thin  film  photovoltaic  materials  owing  to  its  near
optimum bandgap of 1.44 eV and high absorption coefficient over 105/cm. CdTe, therefore,
absorbs over 90% of available photons (hν > 1.44 eV) in 1 μm thickness, and hence, films of
only 1–3 μm are sufficient for solar cells [6,  7].  Several types of CdTe solar cells such as
Schottky barrier, homojunction, heterojunction, and p-i-n have been investigated to date [8–
10].  Among all,  the most successful configurations are the heterojunctions where a wide
bandgap semiconductor can be used as the heterojunction partner or “window.” However,
cadmium sulfide (CdS) has been the most widely studied and most appropriate window
material for CdTe solar cells to date. Most recent development in CdTe thin film solar cells
has found noteworthy improvements in small  area conversion efficiencies.  A number of
techniques such as atomic layer epitaxy, spraying, electrodeposition (ED), and close-spaced
sublimation (CSS) have been employed for the fabrication of CdTe thin film solar cells with
significant efficiencies of over 20% with various configurations. It is quite notable that even
though  important  dissimilarities  exist,  the  performances  achieved  are  independent  to
processing demonstrating the versatility of CdTe and its superior status in the photovoltaic
technologies.

The  deposition  method  for  CdTe  thin  films  differs  widely  and  can  considerably
affect  the  material  properties  and  device  performance.  Since  CdTe  has  high  absorption
coefficient  hence  thicknesses  for  CdTe  thin  films  are  limited  within  2–10 μm  [11,
12].  There  are  various  methods  to  deposit  CdTe,  which  includes  close-spaced  subli-
mation  (CSS),  vapor  transport  deposition  (VTD),  electrodeposition  (ED),  physical
vapor  deposition  (PVD),  sputtering,  etc.  [13–15].  Among  all  the  deposition  methods,
the  highest  efficient  CdTe thin  film solar  cell  was  obtained by close-spaced sublimation
(CSS).  The  substrate  temperature  is  one  of  the  crucial  parameters  for  CdTe  deposition
as  it  could  be  observed  that  most  of  the  deposition  techniques  demonstrated  has
substrate  heating.  Higher  growth  temperature  not  only  enhances  the  deposition  rate,
but  it  also  determines  the  quality  of  junction  formation.  Moreover,  some  research
studies illustrated that CdTe deposited at higher temperature exhibits better performance.
Therefore,  the  resistivity  of  the  CdTe  films  decreases  with  an  increase  in  substrate
temperature.
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2. Deposition of CdTe thin films by close‐spaced sublimation (CSS)
technique

The CSS technique is particularly attractive for the deposition of CdTe films since it offers high
deposition rates and can be simply scaled up for manufacturing purposes. CSS equipment can
be constructed with a wide variety of options such as vacuum, temperature, spacing between
source and substrate. One can design first based on required material to be coated on sub-
strates. As for example, the source and substrate in case of CdTe are kept at a close distance of
2 mm in our case, which can also be changed by some simple techniques like increasing spacer
of certain thickness. Now, top and bottom heaters can be chosen according to the temperature
needed to evaporate either in atmospheric pressure or evacuating to the range of millitorr,
filling with certain gas like Ar or N2. There is a need for good temperature controller which
can be programmable in steps such as increment or hold time. Finally, natural cooling is
followed to let the temperature falls back to room temperature. Interestingly, the whole CSS
deposition takes place within only 10 min, excluding the evacuation or purging time. We have
successfully grown a required thickness of 1 micron for CdTe to be used in solar cells, which
is the most challenging part in CSS to learn temperature profiles for various thickness with the
best coating or film properties needed in each application.

The main design prerequisite for the close-spaced sublimation (CSS) equipment is to minimize
the influence of extrinsic impurities that could be incorporated from ambient to the deposited
films. This requirement minimizes the number of impurity sources that would be heated to
high temperatures together with the number of wires required to feed through the chamber.
Sublimation illustrates the direct phase transition between a solid and gas state. A close-spaced
sublimation is dependent on the following factors:

• Sublimation process at the surface of the source

• Transport of the gas from the source to the substrate surface

• Sublimation process at the surface of the substrate

Phase diagrams of CdTe demonstrate a very narrow composition where the CdTe binary
compound exists as a solid without any other phases, with an atomic percentage of tellurium
equal to approximately 50%. The melting point of the material is also a maximum at this point
and equal to 1099°C [16]. Greenberg calculated the range of tellurium concentration over which
the material is in a purely solid phase to be 49.996 to 50.012 atomic percent [17]. A pressure
phase temperature diagram of CdTe has also been published, which indicates the boundary
of a solid to vapor transition [18]. The sublimation of CdTe occurs in the region where the CdTe
is in a pure solid phase as calculated by Greenberg. This region is defined by the solid-liquid-
vapor transition as the upper limit, the sides are defined by the limits of Cd and Te saturation
in CdTe, and the bottom is defined by the line of stoichiometric congruent sublimation where
the vapor has the same composition as the solid [19]. The sublimation reaction happens in the
following equation [20]:

Close‐Spaced Sublimation (CSS): A Customisable, Low‐Cost, High‐Yield Deposition System for Cadmium...
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( ) ( ) ( )      22 CdTe s   2 Cd g Te  g+Æ (1)

The consequence of manipulating certain deposition parameters on the growth rate has also
been reported earlier. Alamri demonstrated two distinct growth rate regions when increasing
the source and substrate distance for a series of depositions [21]. This would specify a change
in the growth mechanism, apparently from a sublimation limited to diffusion limited case. The
growth rate was found to be independent of the substrate temperature (over a 100°C region),
for temperatures significantly lower than source temperature and with a low deposition
chamber pressure (10-5 mbar). This result does not emerge to agree with the theory for any
sublimation limited cases suggested by others groups. No reason for this disagreement can be
found from the experimental detail provided. As the distance between the source and substrate
increased at low pressures, the growth rate was reported to decrease due to the divergence of
the gas. Research works by Nagayoshi and Suzuki observed that the deposition rate increased
as the source temperature increased for a deposition under vacuum, in agreement with a
sublimation limited case [22]. They also varied the substrate temperature showing for a source
temperature of 650°C and a substrate temperature of 520°C, the growth rate reached maximum
in that case. The incidence of a maximum deposition rate for a series of experiments where
only the substrate temperature was varied would imply varying this parameter changed the
deposition mechanism. Work by Anthony et al. showed the composition of the environment
gas also has an effect on the diffusion limited process. They recommend that the faster growth
rate in a helium environment compared to argon was due to the small molecular weight and
diameter of the helium [23].

2.1. Close‐spaced sublimation (CSS) system

CSS technique has been mainly emphasized for the deposition of CdTe films on foreign
substrates. This technique has been extensively investigated because of the relatively high
efficiency of solar cells prepared from CSS grown CdTe films. Deposition by reaction conden-
sation from vapor generated from direct sublimation of the compounds has produced the
highest efficiency devices. A schematic diagram of the CSS apparatus is shown in Figure 1.

Figure 1. Schematic view of close-spaced sublimation (CSS) apparatus.
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The substrate and source, separated by a small distance (1 mm for instance) and placed on
appropriate holders, are enclosed in a fused silica tube with gas inlet and outlet tubes to keep
controlled environment inside. The system is maintained at desired temperatures by using
infrared radiation, and thermocouples inserted into the sample holders are used to monitor
their temperatures. The important process parameters are the temperatures of the source and
the substrate, the nature of the atmosphere, the pressure in the reaction tube, and the compo-
sition of the source material. These parameters are inter-related. For example, the partial
pressure of Cd and Te2 in the reaction tube is important in determining the rate of deposition,
and these pressures, or the dissociation pressure of CdTe, depend exponentially on tempera-
ture. At a given source temperature, the sublimation rate increases rapidly as the pressure in
the chamber is reduced from the atmospheric pressure. At low pressures, such as 1 Torr, the
mean free path of the gaseous species in the reaction tube increases, and the condensation
process is no longer limited to the space between the substrate and the source material. The
effect of the nature of the ambient gas is related mainly to its thermal conductivity. In case of
fixed source-substrate spacing, high thermal conductivity of the ambient gas tends to increase
the substrate temperature, thus reducing the growth rate. High deposition rate of CdTe films
(up to 10 μm/min) is therefore a special feature of the CSS process that benefits the thin film
growth in a short span of time.

Deposition pressures between 1 and 30 Torr, substrate temperature from 500 to 600°C, and
source temperatures between 700 and 800°C are commonly used for CSS. Sublimation of the
compounds produces monatomic Cd and diatomic group VI (Te2 or S2) vapor, which recom-
bines by the reverse reaction on the relatively cool substrate. Essentially, the coating process
is a chemical vapor deposition with locally generated vapor (sublimation) and a reverse
reaction (deposition) evolving no by-products. Due to high vapor pressures of the elements
relative to the compounds, depositions of CdTe at temperatures above 500°C result in single
phase films with stoichiometry to better than 100 ppm. Table 1 provides a summary in the
range of conditions used for the deposition of the CdTe films.

Substrate temperature 550–620°C

Source temperature 565–625°C

Pressure 1–2 Torr (Ar gas atmosphere)

Spacing 2 mm

Table 1. Deposition conditions used in the CSS growth of CdTe films.

In this study, the substrate temperature is varied in the range of 550–620°C. The source
temperature, the total pressure, and spacing are adjusted to result in deposition rates of about
1.0–5.0 μm/min. However, for some films, the pressure during the deposition is kept at 2 Torr.
One of the important efforts of this study is to control the film thickness toward stable pinhole
free CdTe films of thickness <5 μm. By keeping other deposition parameters constant, the
temperature profile is changed according to the desired film thickness. The chamber is
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evacuated several times and then is kept at 1.8 Torr of Ar gas to create the appropriate
atmosphere for deposition.

2.2. Sintering of source material

Sintering is the procedure of compacting and forming a solid mass of material by heat and/or
pressure without melting it to the point of liquefaction. In CSS process, sintering is usually
executed to prepare the source material, while fine‐powdered CdTe or other materials are used.
In cases of chunks, one can skip the sintering process. In sintering, CdTe powder is first put
on the empty well on the bottom holder. Then, the powder is heated at specific pressure and
temperature to make the powder compact as well as to form solid as shown in Figure 2.

Figure 2. CdTe source material as sintered for CSS process.

The source material on the graphite box is exhausted for each experiment, so the volume of
the material decreases after each sublimation process. CdTe is also deposited on the inside wall
of the chamber in regions where the temperature is cooler than the graphite blocks. This means
that more than just the amount of CdTe deposited on the sample is released from the source
material during each experiment. The parameters used during the sintering are given in
Table 2.

CSS sintering parameters Value

Source temperature 700°C

Spacing 1 mm

Pressure 10 Torr (Ar gas atmosphere)

Heating time 30 min

Table 2. CdTe sintering parameters used in CSS.

The chamber has a rotary vacuum pump attached to one flange with the choice to allow gas
to flow into the other flange. To control the pumping rate, a valve is positioned between the
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pump and deposition chamber, a pipe which bypassed the valve has a smaller diameter to
limit the flow of gas. The pressure in the chamber is normally measured by pressure gauges.
Argon and nitrogen gases are attached to the system. The argon gas is used as a deposition
gas. Nitrogen is generally used for purging and venting the chamber to open the quartz tube
(Figure 3).

Figure 3. (a) CSS deposition system and (b) CSS grown CdTe thin film on glass.

In general, the CSS chamber is left under vacuum between experiments. When it is needed to
open the chamber, gas is fed inside to bring the pressure up to atmosphere. The end flange
with the gas inlet can be removed, and the graphite blocks can also be removed from the
chamber. The sample is placed in the substrate block, and two glass samples are kept on top
working as heat spreaders. The graphite blocks are then placed at the end of the tube, and the
thermocouples are positioned within the blocks. The blocks are then pushed into the centre of
the quartz tube, and the chamber is pumped to a vacuum. After a vacuum has been reached,
the gas pressure gauge could then be adjusted to acquire the desired pressure within the
chamber after a few purging of ambient inside. When the environment is stabilized, the heating
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sequence starts, and the temperature monitoring begins. The superstrate configuration is
basically used to deposit CdTe on top of CdS deposited films. The system is maintained at the
set temperatures by means of radiative heating using a total of 2 kW halogen lamps on top and
bottom. The thermocouples are inserted into the graphite holders to monitor the growth
temperatures (Figure 4).

Figure 4. Inside view of the CSS chamber with spacers placed on top of bottom holder.

2.3. Significance of temperature profiles

The substrate temperature of CdTe thin films during the growth is an essential parameter to
obtain high-quality films ultimately resulting in high-efficiency CdTe/CdS thin film solar cells.
During the fabrication of CdTe/CdS full cell, high temperature is required for CdTe thin films
for inter-diffusion of CdS and CdTe to form CdS1-xTex layer. The formation of a CdS1–xTex mixed
crystal layer modifies the electrical junction into the CdTe improving the electrical and
photovoltaic characteristics of the junction [24]. The extent of inter-diffusion depends on the
rate of deposition and the substrate temperature [25].

Figure 5. A typical temperature profile for CdTe growth of 5 μm and above.
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In many literatures, it is found that the high conversion efficiencies obtained from CSS CdTe
films have been attributed to the high substrate temperature. The use of high substrate
temperatures is considered to uphold the interface reaction between the CdS and CdTe.
Considering all the above facts, the temperature profile (described as heat profile in some
literatures) is highlighted strongly. In order to achieve high efficiency, it is more significant to
attain high-quality CSS CdTe films. Several temperature profiles have been utilized to
differentiate the cell performance. The temperature profile of the growth process is illustrat-
ed in Figure 5.

2.4. High‐efficiency CdTe solar cells (>5 μm) from CSS technique

Although a number of important factors in CSS growth, which are supposed to bear significant
roles in overall performance, are demonstrated earlier, the most important issue is to grow
high-quality CdTe film regardless of its growth technique. To study as well as to make an effort
in achieving such high-quality CdTe films, several temperature profiles were adopted during
the growth by CSS here. All these temperature profiles were evaluated from their related
results such as solar cell characteristics. In general, it has been noticed that the temperature
profiles have important effect on the crystallinity as well as the thickness of the CdTe layer
(Figure 6).

Figure 6. FESEM cross-sectional view of CdTe solar cell grown by CSS.

The most common temperature profile, which is recommended by the leading comrades in
this field of CdTe solar cell fabrication, consisted of three steps with all high temperatures is
shown in Figure 5. After the initial ramp-up step, the second step is supposed to have a great
role in the crystallization of CdTe. The third step is important for stabilizing the microcrystals
and the gaining the growth of CdTe layer. A part of the study also found unintentional growth
of CdTe during the rise of temperature at the first step of the temperature profile. Even at low
temperatures, small seed grains of CdTe were observed. Therefore, investigations have been
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carried out for all possible temperature profiles in high temperature region and finally
proposed the optimum one, as shown earlier in Figure 5, for better quality CdTe films (5–7 
μm thick). The key point of this temperature profiles lies in the reverse mode during temper-
ature rise as substrate temperature gets higher than the source temperature at any time
dimension until the set temperature. Once the substrate temperature reaches its set point (e.g.,
595°C), the source temperature increases until its set point (e.g., 625°C) and then both of them
keep the set temperature constant, thus create a temperature difference of 30°C viable for CdTe
growth in this case. This type of reverse mode in temperature rise could control the uninten-
tional growth of CdTe at lower temperatures, which (CdTe) is suspected to be lower in quality
with pinholes etc. In the modified temperature profile, the unexpected CdTe growth was
suppressed to as low as 0.15 μm when the temperature rise of both source and substrate was
stopped at the set point of substrate temperature. These CdTe films are then used to make full
solar cell devices with the configuration of glass/ITO/CdS/CdTe/C:Cu/Ag. The conversion
efficiency of 15.31% with open-circuit voltage (Voc) of 0.811 V, short-circuit current (Jsc) of
26.3 mA/cm2, fill factor (F.F.) of 0.718 was achieved for the best cell as the highest to date found
in the current configuration and process. The thickness of CdTe layer was about 7 μm, and the
effective area of the cell was 1 cm2. The current-voltage (J-V) characteristics are shown in
Figure 7.

Figure 7. J-V characteristics of the CdTe thin film solar cell.

2.5. Thickness reduction in CdTe by low‐temperature growth

The key concern is to obtain high-quality CdTe films regardless of the growth technique.
Typically, the temperature corresponds to the source temperature of 625°C and substrate
temperature of 595°C for high-efficiency cells, where 5-μm-thick CdTe is grown in this profile.
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Figure 8. Temperature profile for low-temperature growth of CdTe.

Figure 9. Effect of growth time on the (a) solar cell performance and (b) thickness of CdTe films, grown at low tempera-
ture.
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Therefore, the temperature reduction in both the source and the substrate was carried out with
the aim of obtaining a high-quality, as well as thinner, CdTe layer. No CdTe growth was
observed until the source temperature of 530°C and substrate temperature of 500°C were
maintained. In the profile shown in Figure 8, both the source and the substrate were first heated
to a high temperature of 595°C for surface cleaning and then lowered to 575 or 565°C in the
case of the source and 550°C in the case of the substrate. Controlling the time in step 4, thickness
control (reduction) of the CdTe layer to 1.5 and 2 μm was achieved for source temperatures of
565 and 575°C, respectively.

Figure 9 illustrates the effect of growth time in step 4 on the thickness of the CdTe layer, as
well as on the overall performance of solar cells. Thickness could be controlled down to 1.5 
μm with a conversion efficiency of 10.4% (Voc: 0.76 V, Jsc: 22 mA/cm2, F.F.: 0.62, area: 1 cm2) at
a source temperature of 565°C. Meanwhile, if the source temperature is increased to 575°C
while keeping the substrate temperature unchanged at 550°C, the growth rate remarkably
increases. However, the thickness can be controlled down to 2 μm with this profile, with an
efficiency of 10.8% (Voc: 0.76 V, Jsc: 22.7 mA/cm2, F.F.: 0.63, area: 1 cm2). Therefore, a low-growth
temperature demonstrates lower possibility of achieving thin CdTe films (1 μm) with high
efficiency.

2.6. Control of CdTe thickness by reducing temperature difference

With the aim of achieving high-quality thin films and considering the results presented in
previous section, the temperatures of the source and the substrate were increased to 600 and
595°C, respectively. The temperature profile is shown in Figure 10.

Moreover, the temperature difference between the two was set to 5°C to reduce the thickness.
Thickness control down to 2 μm was possible with an efficiency of 11% (Voc: 0.77 V, Jsc: 23.7 
mA/cm2, F.F.: 0.60, area:1 cm2). The overall performance deteriorated with the decrease in
thickness but showed an improvement compared to the cells grown at lower temperatures as
can be found in Figure 11. Regardless of the temperature profiles, all the cell performances
were affected with the decrease in CdTe film thickness.

Figure 10. Temperature profile for CdTe growth in CSS with minimal temperature difference between source and sub-
strate.
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(b)

Figure 11. Characteristics of CdTe solar cells (a) and thickness of CdTe films (b), deposited using minimal temperature
difference between source and substrate in CSS.

2.7. Growth of 1 μm‐CdTe thin films by CSS

As described in earlier sections, several temperature profiles have been used during CSS
growth of CdTe to determine the effect of temperature. It has become apparent that tempera-
ture plays a significant role in thickness control. Following the temperature profile shown in
Figure 12, the temperatures of both the substrate and the source were raised together to several
peak temperatures, and it was possible to grow thin CdTe layers with thickness from 0.5 to
1.5 μm for peak temperatures from 595 to 620°C.
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Figure 12. Temperature profile of 1-μm-thick CdTe thin film growth by CSS.

Figure 13. XRD patterns of CdTe films of different thicknesses.

To determine the performances of solar cells with various CdTe layer thicknesses, the I-V
characteristics, spectral response, and reflectance were measured, and scanning electron
microscope (SEM) and AFM images were taken to evaluate the quality of the films. From the
XRD measurement, significant difference among the CdTe films from 5 to 1 μm thick can be
observed, as shown in Figure 13. In the case of 1 μm films, some other peaks, probably from
ITO or CdS, were found. Compared to thicker films, all the 1-μm-thick films showed strong
preferential orientation in the (111) direction. SEM images of the 1-μm-thick CdTe surface
shown in Figure 14(a) exhibit the larger grain size of the films. Differently shaped grains have
been found in the case of thicker CdTe films.
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(d)(c)

Figure 14. SEM micrographs of the surfaces of (a) 1 μm, (b) 2 μm, (c) 4 μm and (d) 6 μm-thick CdTe films [24].

Films deposited at substrate temperatures of 550–620°C exhibited preferential orientation
along the (111) direction as indicated by X-ray diffraction studies. Scanning electron micro-
scope (SEM) images also revealed the high quality of the deposited films of CdTe. The
microstructure of CdTe films depends on the substrate temperature, source-substrate temper-
ature gradient, and the crystallinity of the substrate. In general, the grain size increases with
the increasing substrate temperature and film thickness.

An efficiency of 8.3% (Voc: 0.73 V, Jsc: 20.2 mA/cm2, F.F.: 0.57, area: 1 cm2) was achieved for cells
with 0.5-μm-thick CdTe, whereas 9.9% (Voc: 0.75 V, Jsc: 22 mA/cm2, F.F.: 0.6, area: 1 cm2) and
11.4% (Voc: 0.77 V, Jsc: 23.7 mA/cm2, F.F.: 0.63, area: 1 cm2) were achieved for solar cells with 1-
and 1.5-μm-thick CdTe, respectively. The most significant achievement of this effort was the
establishment of the growth technique of such thin, high-quality CdTe films, along with
reproducibility.
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2.8. Overall optimization of CSS grown CdTe solar cells

To be used as a working device, optimization is needed. In order to form an ohmic contact to
CdTe thin films, Cu-doped graphite carbon paste was screen-printed, and then, the resulting
stacks were subjected to annealing in controlled atmospheres. One related study showed that
Cu is distributed as effective acceptors in the CdTe layer, rendering it p-type after annealing.
Despite having optimum data for 5-μm-thick CdTe layers, optimization of the annealing
temperature was carried out. Significant improvement was found in comparatively low-
temperature regions. An excellent improvement in efficiency to 11.2% (Voc: 0.77 V, Jsc: 23.1 
mA/cm2, F.F.: 0.63, area: 1 cm2) was achieved at the annealing temperature of 345°C. The
current-voltage (I-V) characteristic is shown in Figure 15. Copper, which is believed to have
diffused into the CdTe layer from the carbon layer, functioned as an effective acceptor after
annealing at the optimum temperature. Supported by the spectral response data where the
cells treated at high temperature exhibit a significant shift near the CdTe absorption edge
suggests a possible inter-diffusion of CdS into the CdTe and causes the bandgap of this material
to decrease slightly. Since the junction is exposed to such high temperatures, excessive inter-
diffusion (which forms CdSxTe1-x) is believed to occur, which leads to almost complete
consumption of the 1-μm-thick CdTe layer grown during CSS. Therefore, it can be concluded
that the uncontrolled formation of such CdSxTe1-x alloy in 1-μm-thick CdTe solar cells can
adversely affect the cell performance, which is not possible to overcome by merely treating the
stack of layers in any optimum conditions. Therefore, growth during CSS has to be carefully
controlled by temperature profiles to achieve high-quality films in terms of grain size, defects,
uniformity or homogeneity.

2.9. Conclusion

Close-spaced sublimation (CSS) is one of the most cost-efficient, high-throughput semicon-
ductor coating techniques that offers industrial scalability as well. We developed our custom-

Figure 15. J-V characteristics of 1 -μm-thick CdTe solar cell (top record to date) [24].
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ized close-spaced sublimation (CSS) apparatus and achieved growth of our material of interest,
such as group II-VI compound semiconductor, that is, CdTe for solar cell application. By
controlling the temperature profile in steps, thickness of the CdTe film is controlled over 7 to
1 μm without any pinholes in order to realize material conservation as well as to improve the
performance through controlling the carrier recombination loss in relatively thicker CdTe
absorption layers. The films are investigated by all possible means of thin film characterization
like XRD, SEM, UV-Vis, and so on to find its optimized usage in thin film solar cell. The growth
of 1-μm-thick CdTe films was achieved by controlling the temperature profile during CSS
growth, with reproducibility. Gradual improvements were found in the glass/ITO/CdS/CdTe
solar cells as conversion efficiencies of 15.3% for 7-μm-thick, 14.3% for 5-μm-thick, 11.4% for
1.5-μm-thick, and 9.9% for 1-μm-thick CdTe films grown by CSS. Moreover, after a rigorous
optimization in post-deposition and back electrode formation annealing profiles, conversion
efficiency of 11.2% in the case of 1-μm-thick CdTe was achieved, in air mass 1.5 without
antireflection coating as the best value to date. All the results have shown successful deposition
of CdTe by this customized close-spaced sublimation (CSS) technique and therefore verify its
implication to similar kind of semiconductors for solar cells or other purposes.
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Abstract

We report CdTe, CdS, and ITO thin films on glass substrates for solar cell fabrication by 
closed space sublimation and chemical bath deposition. CdTe and CdS thin films were 
sublimated to chemical treatment at 25°C in a saturated CdCl2 solution (1.04 g/100 ml 
methanol) and heat treated at 400°C for 30 minutes. Indium tin oxide and tellurium films 
were analyzed by spectrophotometer and scanning electron microscopy. It has been 
observed that solar cell performance can be improved by depositing a CdCl2 layer on 
the CdTe/CdS layers. The optical, structural, and morphological changes of CdTe and 
CdS surfaces on CdTe/CdS/ITO/glass solar cells due to CdCl2 solution treatment followed 
by annealing for 400°C were studied. Optical analysis showed about 15% decrease in 
transmittance after CdCl2 heat treatment in case of CdTe thin film, whereas CdS thin 
film demonstrated an increase of about 10–15% transmittance after CdCl2 heat treatment. 
Similarly, a decrease in band gap values was found for both CdTe and CdS thin films 
after CdCl2 heat treatment. XRD and SEM results of CdCl2 heat‐treated CdTe and CdS 
samples showed recrystallization, reorientation, and progressive increase in grain size. 
The grain sizes of CdTe and CdS samples demonstrated an increase of about 0.2 µm.

Keywords: CdCl2, cadmium sulfide, cadmium telluride, heat treatment, morphological, 
optical, structural

1. Introduction

Considering the high absorption coefficient, near optimum band gap, and manufacturability of 
cadmium telluride (CdTe), it can quite easily be regarded as one of the most favorable photovol‐
taic materials realizable for use as high‐efficiency and low‐cost thin film solar cell. Typically, a 
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CdTe solar cell structure consists of Au/CdTe/CdS/ITO/glass. It has a direct band gap of 1.45 eV 
and only 1 µm CdTe can absorb more than 90% of the photons having energy greater than 1.45 
eV that is why it is well suited for solar cell applications. CdTe is stable up to 500°C. CdTe has 
lattice constant of 0.68 nm at 300 K. The thermal conductivity of CdTe is 6.2 W m/m2 K at 293 K. 
The specific heat capacity is about 210 J/kg K at 293 K. In solar cell fabrication CdTe is used as 
a p‐type semiconductor which has a junction with cadmium sulfide (CdS) as an n‐type semi‐
conductor. Infrared detector material (HgCdTe) is manufactured when CdTe is alloyed with 
mercury. An important application of CdTe is as a radiation detector that is used to detect X‐ray 
and alpha, beta, and gamma rays, and for this purpose, CdTe is doped with chlorine. CdTe has 
electron affinity of 4.3 eV. The work function is 5.5 eV for p‐type CdTe. It can be doped both as 
p‐type as well as n‐type semiconductors [1–3].

A II‐VI semiconductor compound cadmium sulfide (CdS) has much importance because of 
its many applications in several heterojunction photovoltaic thin film devices of CdTe, copper 
indium gallium diselenide (Cu(InxGa1‐x)Se2), or copper indium gallium sulfide (CIGS) and 
solar cells. Many other devices in the fields of electronics, optics, and infrared are also fabri‐
cated by using CdS [1–3]. The CdS is a suitable n‐type material, which can be fabricated by 
a variety of fabrication techniques like sol‐gel technique [4], close spaced sublimation (CSS), 
chemical bath deposition (CBD), thermal evaporation, chemical vapor deposition, molecu‐
lar beam epitaxy, and spray pyrolysis. Each and every deposition process provides different 
optical, structural, electrical, and morphological properties [5–10].

First solar cell has reported CdS deposited by high rate vapor transport deposition (HRVTD). 
CdS is called window layer due to its higher rate of light transmission [11–14]. CdS thin films 
are very suitable for so many other semiconductor devices and radiation detectors. CdS thin 
films with wide band gap are highly used for photovoltaic devices. Since CdS is used as 
window layer in solar cell, it should be fabricated very thin and high amount of light should 
pass through CdS and be absorbed in CdTe. The CdS thin film must be continuous to reduce 
the effect of short circuit in the cell. The CdS thin films deposited by CBD can fulfill these 
requirements. So the thickness of CdS has much importance for the high‐efficiency of solar 
cell [15–17]. CdS (CBD) thin films are grown by cadmium chloride, ammonium nitrate, and 
potassium hydroxide. After heating to a specific temperature, thiourea is added to start the 
fabrication process [18–20].

CBD is a very easy process for the fabrication of CdS thin films on ITO glass. For the fabri‐
cation of thin film solar cell, one needs a very thin film up to 60–80 nm. It is a very suitable 
process especially for solar cell point of view. It is a process in which substrate is placed in a 
hot chemical solution stirring vigorously for a specific time, positive and negative ions will 
reach and meet on the substrate and thin film is grown. The advantage of this technique is that 
neither vacuum and nor very high temperature is required for CBD [5, 21].

CdS thin films fabricated by the CSS are also another moderate temperature fabrication 
technique in a vacuum chamber. More than 20% efficiency has been achieved by using 
CdTe/CdS heterojunction thin film solar cell by this technique. CSS is a moderate tempera‐
ture procedure so it provides better results in some cases [22, 23]. The CSS technique is 
one of the techniques that have produced encouraging results [15] mainly because it is a 
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simple deposition apparatus and high transport efficiency and deposition can be done in 
low vacuum at moderate temperatures. There is minimum use of material in the CSS sys‐
tem as compared to other methods. As the substrate is close to the source materials in the 
CSS technique, roughness increases in the thin films and has high absorption, which makes 
it a suitable material for solar cell applications. The CSS has a disadvantage as one cannot 
introduce a thickness monitor.

The general working properties of solar cells can be best described by three parameters: short 
circuit current (ISC), open circuit voltage (VOC), and fill factor (FF). Postdeposition process‐
ing of polycrystalline CdTe/CdS heterojunction thin film solar cells with cadmium chloride 
(CdCl2) heat treatment has been demonstrated to improve the short circuit current and open 
circuit voltage of CdTe/CdS thin film solar cell, by recrystallization, reorientation, and grain 
enhancement of films for photovoltaic operation [24–26]. Heat treatment with CdCl2 has been 
known to be a key step in high quality CdTe/CdS solar cells preparation [27–31]. Irrespective 
of the method being used for deposition of CdTe and CdS layer, CdCl2 treatment has become 
a customary and vital process in fabrication of high‐efficiency CdTe/CdS‐based photovoltaic 
devices. Three different methods of CdCl2 treatment are widely known to be used; solution 
CdCl2 treatment, evaporated CdCl2 treatment, and vapor CdCl2 treatment [12]. CdCl2 treat‐
ment is basically known to activate a chemical reaction between CdTe and CdS, which is the 
driving force for the bulk and grain‐boundary inter‐diffusion of CdTe and CdS [13]. However, 
regardless of the CdCl2 treatment method being used, the basic mechanism by which CdCl2 
effects CdTe and CdS can be expected as a similar process [12–15].

The optical, structural, and morphological properties of CdTe and CdS thin films are mainly 
subjective to the preparation route. Hence, a variety of methods have been applied for the 
synthesis of such materials, e.g., thermal evaporation [16], chemical pyrolysis deposition 
(CPD) [17], metal organic chemical‐vapor deposition (MOCVD) [18–20], closed space subli‐
mation (CSS) [21] and chemical bath deposition (CBD) [22–25]. CSS and CBD are known to 
produce optimal and encouraging results for CdTe/CdS based solar cells. Both the techniques 
have many advantages for production of photovoltaic devices under controlled conditions, 
such as exceptional uniformity and reproducibility of film thickness even for a large‐scale 
module [26, 27].

There are different materials being used for the manufacturing of thin film solar cells. The 
silicon photovoltaic cells are covering more than 70% of the world market. Silicon solar cells 
containing amorphous, polycrystalline, crystalline, and now a days silicon thin film solar 
cells are being used. Thin film solar cells (TFSC) containing (II–VI) and (III–V) semiconductor 
materials have high efficiencies. These include copper indium gallium sulfide (CIGS), GaAs, 
Cu (InGa)Se2, and CdTe/CdS. The selection of material depends upon the band gap, absorbing 
ability of material, and cost of fabrication process.

CdTe is very suitable for thin film solar cells because it has direct band gap at room tempera‐
ture. In the world PV market, the CdTe based solar cells have attained 16.5% efficiency. It has 
very good match with CdS on ITO glass substrate. CdS is used as a window layer; it means 
more than 70% of light will pass through the first n‐type layer of solar cells. Different tech‐
niques can be used for the manufacturing of thin film CdTe based solar cells [19–26].

Effects of CdCl2 Treatment on Physical Properties of CdTe/CdS Thin Film Solar Cell
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It has some native defect cation vacancies (Vcd) that can behave as double accepters and 
anion vacancies (VTe) can behave as double donors. These vacancies can be formed with other 
extrinsic impurities [5, 6]. A problem of CdTe is that it is toxic if ingested and if its powder 
is inhaled. If properly processed, manufactured, and encapsulated, then it may be harmless. 
It is observed that elemental cadmium is more toxic than CdTe. It is also studied that CdTe 
quantum dots causes extensive reactive oxygen damage to cell membrane, mitochondria, and 
cell nucleus.

If it is to be used at large scale commercialization of solar panels then exposure and long term 
safety of CdTe will be serious issue. So attempts are being made to overcome all these issues. 
The BNL has given the research that CdTe large‐scale PV modules have neither any health 
risks nor any threats for environment. These modules can be recycled. These modules do not 
produce any pollutants during their working for long term [7, 8]. Major issue for the CdTe PV 
modules is the availability of tellurium. Actually, tellurium is an extremely rare element (1–5) 
parts per billion in the earth's crust. Manufacturing of CdTe PV solar panels at large‐commer‐
cial scale will cause depletion of tellurium [9].

In the present work, effects of CdCl2 thermal treatment on physical properties of CdTe/
CdS heterojunction solar cells, fabricated using CSS and CBD, have been investigated. 
Correspondingly, the results have demonstrated that performance of solar cell can be 
improved significantly after this treatment. In this regard, optical properties such as film 
thickness, refractive index, absorption, and optical band gap, crystallographic properties such 
as crystallite size and plane orientation, and morphological properties such as grain size, have 
been investigated using UV‐VIS‐IR spectrophotometer, X‐ray diffraction (XRD) and scanning 
electron microscopy (SEM), respectively, at room temperature (25°C) [28–31].

2. Why thin films

Thin film technology is well known technology for physics and engineering applications. It 
is projected to be one of the major processing techniques to fabricate electronic, optical, and 
magnetic data storage devices, solar cells, light emitting diodes (LED), etc.

Thin film science and technology play a crucial role in the high‐tech industries that will bear 
the main burden of future, while the major exploitation of thin films are in microelectronics, 
communications, optical electronics, coatings of all kinds, and energy generation. Thin films 
of various materials are currently in use as protective and optical coatings, electronics, antire‐
flection films, polarizers, radiation detectors, and solar energy converters.

It is not only thickness that is defining a film but also the way of fabrication which is respon‐
sible for the uniformity, structure, and other properties of the film. The optical, structural, and 
electrical properties of thin film are different from the bulk materials; it is the reason these are 
being used. Characterization and fabrication of thin films is very easy. The structural, chemical 
and physical properties depend on the deposition parameters and thickness of the thin film. 
The electrical, optical, and mechanical behavior of thin film also depends on microstructure, 
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surface morphology, purity, and homogeneity. These things are strongly dependent on the 
fabrication methods and selected parameters and post depositions treatments also.

Stable, accurate, efficient, reliable low‐cost electronic, insulating, sensors, and many other 
industrial devices with minimum use of material are possible due to thin film technology. 
Thin film devices are easy to manufacture, especially suitable for flexible solar cells.

Thin films are layers of ferromagnetic, semiconductor or ceramic materials. It ranges from 
fractions of a nanometer to several micrometers in thickness (usually 100 A‐1 µm). It is a 
microscopically thin layer of material that is deposited onto a metal, ceramic, semiconductor 
or plastic base. Thin Films can be conductive or dielectric (non‐conductive) and are used in 
myriad applications. Thin films have almost a two dimensional structure, so they give a bet‐
ter insight into the structural properties of the material. The earliest of what might be called 
latest thin film optics was discovered by Robert Boyle and Robert Hooke, independently of 
the phenomenon now known of older material even without any visible signs of tarnish, was 
too low. One possible explanation which he suggested was the formation on the surface of the 
thin layer from the underlying material.

Dennis Taylor, in 1891, published the first edition of his famous book on the adjustment and 
testing of telescopic objectives. In fact Taylor developed method of artificially producing the 
tarnish by chemical etching. Kollmorgen followed this work and developed the chemical 
process for different types of glass. In Nineteenth century at the same time a great deal of 
progress was made in the field of interferometry. The most significant development from 
thin film point of view was the Fabry‐Perot inferometer described in 1899 which became 
one of the basic structures of thin film filters. Development became more rapid in the 1930s, 
an indeed it is in this period that we can recognize the beginning of the modern thin film 
optical coating. In 1932, Rouard observed that very thin metallic film reduced the internal 
reflectance of the glass plate, although the external reflectance was increased. In 1934, Bauer 
in the course of fundamental investigations of optical properties of halides produced reflec‐
tion‐reducing coatings and pfund evaporated zinc sulfide layers to make low loss beam split‐
ters for Michelson interferometers. Noting incidentally that titanium dioxide could be a better 
material. In 1936, John Strong produced anti‐reflection coatings by evaporation of fluorite to 
give inhomogeneous films which reduced the reflectance of glass to visible light to as much 
as 89% a most impressive figure. Then in 1939, Geffcken constructed the first thin film metal‐
dielectric interference filters. The most important factor in this sudden expansion of thin film 
coatings was the manufacturing process. Although sputtering was discovered by the middle 
of nineteenth century and vacuum evaporation in the beginning of twentieth century, these 
were not considered as useful manufacturing proccesses. The main difficulty was the lack of 
suitable pumps and it was not until the early 1930s that the works of CR Burch on diffusion 
pump oil made it possible for this process to be used satisfactorily. Since the tremendous 
trades have been made particularly in last few years, filters with greater than 100 layers are 
not uncommon and uses have been found for them in almost every branch of science and 
technology.

Much research has been done on the mechanism of thin film growth with evaporated films. It 
has been found by observation of films evaporated directly in the viewing field of an electron 
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microscope that film growth may be divided into certain stages. Pashley et al. distinguished 
four stages of growth process: nucleation and island structure, coalescence of islands, channel 
filling, and formation of continuous film. Nucleation is the initial stage of a film. The particles 
which have been evaporated from the evaporation source and have reached the substrate, on 
which a thin film is to deposit, generally lose part of their energy on impingement. Therefore, 
the mobility of the atoms or molecules on the surface decreases as the atoms give up their 
energy to the substrate. The effect of elevated substrate temperature is to permit the atoms to 
retain sufficient energy to make the movements necessary for the accommodation on the sub‐
strate and among them. Most of the flux arrives at the substrate in atomic form. These ad‐atoms 
diffuse around the substrate and their diffusivities are dependent on the interaction between 
the ad‐atoms (adsorbed atoms) and the substrate and the temperature of the substrate. Any 
defects or crystallographic variations on the substrate surface acts as a potential well and the 
atoms have to overcome this potential barrier to keep moving around. Occasionally, they suc‐
ceed so well that they are re‐evaporated. In diffusing randomly they come across other atoms 
and join them to form doublets, which have lower diffusivities. Beyond a critical nucleus size 
(on the order of 10–100 Å), the larger nuclei grow at the expense of the smaller ones, and so 
the number of nuclei on the substrate is continually decreasing during growth. The initial 
nucleation is enhanced by the presence of defects on the substrate. At this stage the individual 
crystallites (about 100 Å in diameter) are quite perfect structurally. As more flux arrives at 
the surface, the nuclei sizes grow and eventually islands are formed. During this stage of 
film growth some islands come into mutual contact and coalescence ensues. The coalescence 
phase is critical for the formation of grain boundaries and dislocations. As the larger nuclei 
(perhaps several thousand atoms in size) combine, the amount of disorder at the merging 
boundary depends on the orientation of each nucleus before contact. If the nuclei are aligned 
(as in epitaxial growth on a well‐matched substrate lattice), either a twin boundary or none 
at all is formed. If the islands are not aligned before contact (as in growth on an amorphous 
substrate or growth at low temperature), a grain boundary is formed. As the nuclei become 
large, the energy of the aggregate becomes smaller so the larger nuclei have less ability to hold 
to each other as they combine.

It is believed that certain energy is liberated by coalescence, which is sufficient to affect a 
temporary melting of the crystallites in contact. After coalescence, the temperature drops and 
newborn island occurs again. It has been established that when two islands which are of 
different sizes and crystallographic orientation coalescence, the resultant crystallite assumes 
the orientation of larger one. As the islands grow, there is a decreasing tendency for them 
to become completely rounded after coalescence. Large shape changes still occur, but these 
are confined mainly to the regions in the immediate vicinity of junction of the islands. 
Consequently, the islands become elongated and join to form a continuous network structure 
in which the deposit material is separated by long, irregular, and narrow channels of width 
50–200 Å. As deposition continues, secondary nucleation occurs in these channels, and the 
nuclei are incorporated into the bulk of the film as they grow and touch the sides of the chan‐
nel. At the same time, channels are bridged at some points and fill in rapidly in liquid like 
manner. Eventually, most of the channels are eliminated and the film is continuous but con‐
tains many small irregular holes. Secondary nucleation takes place on substrate with in holes, 
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which are produced during channel filling stage. The hole contains many secondary nuclei 
which coalesce with each other to form secondary islands which then touch edge of hole and 
coalesce with the main film to leave a clean hole. Further, secondary nuclei then form, and the 
process is repeated until the hole finally fills. The liquid like behavior of the deposit persists 
until a complete film is obtained. These processes are substantially complete before appre‐
ciable growth in thickness occurs.

3. Deposition techniques for thin films

The process by which thin film is deposited onto a substrate or onto a previously deposited 
layer is called thin film deposition. The process will be followed according to the require‐
ments and economic conditions. There are some major techniques used for thin film fabri‐
cation such as physical vapor deposition (PVD), closed space sublimation (CSS), chemical 
vapor deposition (CVD), chemical bath deposition (CBD), pulsed laser deposition (PLD), elec‐
tro‐deposition (ED), sputtering technique, and atomic layer epitaxy (ALE) [16–18]. So many 
techniques can be used for the CdTe. It is the versatility of the CdTe because it provides many 
ways for its deposition. The method of deposition should be economical, easily scalable, and 
easy to handle and can give good conversion efficiency of the device. The method should be 
easily applicable at large industrial level. The deposition technique will be preferred which 
have maximum conversion efficiency, low cost, and high deposition rate. Many techniques 
have efficiency up to 12% in laboratory but not at the industrial level. There should be such 
kind of deposition techniques that will give good conversion efficiency in laboratory as well 
as at industrial level [10].

3.1. Physical vapor deposition (PVD)

It is the process in which material is sublimated from solid or liquid source and condensed 
upon the substrate; mostly the whole process is done in a vacuum. The deposition rate for 
physical vapor deposition is approximately from 1 to 10 nm per second. This deposition tech‐
nique is used for the deposition of alloys, elements, and compounds by the reactive deposi‐
tion. In reactive deposition, a gas environment is used which has a reaction with the source 
material (depositing material) to form a compound, the gas environment may be a nitrogen 
gas or some other gas.

The physical vapor deposition can be categorized as:

(i) vacuum evaporation, (ii) sputter deposition, and (iii) molecular beam epitaxy.

Physical vapor deposition is a technique whereby physical processes, such as evaporation, 
sublimation or ionic impingement on a target, facilitate the transfer of atoms from a solid or 
molten source onto a substrate. Evaporation and sputtering are the two most widely used 
processes and PVD method is used for depositing films. Important factors in controlling the 
structure of a growing film are growth flux or deposition rate, substrate temperature, source 
temperature, and evaporation time.

Effects of CdCl2 Treatment on Physical Properties of CdTe/CdS Thin Film Solar Cell
http://dx.doi.org/10.5772/67191

387



The ratio of the substrate temperature to the melting temperature of the film material is an 
important factor in determining the structure of a polycrystalline film. These factors deter‐
mine the degree to which ad‐atoms are able to seek out minimum energy positions and grain 
boundaries are able to adopt morphologies of minimum energy. The driving force for grain 
growth is the reduction in the total grain boundary surface area and the attendant reduc‐
tion in the total energy associated with grain boundary surfaces. Another mechanism for the 
development of structure in polycrystalline films involves recrystallization, the driving force 
for which is the minimization of energy associated with defects, such as pre‐existing disloca‐
tions, in addition to grain boundary energy. Minimization of stored elastic energy arising 
from intrinsic and mismatch strains in the film can also serve as an additional factor contribut‐
ing to grain growth and recrystallization.

The factors that control the very early stages of growth of a thin film on a substrate are 
described in atomistic terms. The process begins with a clean surface of the substrate mate‐
rial, which is at substrate temperature Ts, exposed to a vapor of a chemically compatible film 
material, which is at the vapor temperature TV.

To form a single crystal film, atoms of the film material in the vapor must arrive at the sub‐
strate surface, adhere to it, and settle into possible equilibrium positions before structural 
defects are left behind the growth front.

To form an amorphous film, on the other hand, atoms must be prevented from seeking stable 
equilibrium positions once they arrive at the growth surface. In either case, this must happen 
in more or less the same way over a very large area of the substrate surface for the structure to 
develop. At first sight, this outcome might seem unlikely, but such films are produced routinely.

Atoms in the vapor come into contact with the substrate surface where they form chemical 
bonds with atoms in the substrate. The temperature of the substrate must be low enough so 
that the vapor phase is supersaturated in some sense with respect to the substrate, an idea 
that will be made more concrete below. There is a reduction in energy due to formation of the 
bonds during attachment. Some fraction of the attached atoms, which are called ad‐atoms, 
may return to the vapor by evaporation if their energies due to thermal fluctuations are suf‐
ficient to occasionally overcome the energy of attachment. High energy ad‐atoms stick on the 
growth surface where they arrive, and the film tends to grow with an amorphous or very fine‐
grained polycrystalline structure. The growth surface invariably has some distribution of sur‐
face defects crystallographic steps, grain boundary traces, and dislocation line terminations, 
for example which provide sites of relatively easy attachment for ad‐atoms. For semiconduc‐
tor films, the epitaxial structure is essential to the electronic performance of the material. For 
metal films, on the other hand, the electrical conductivity of a polycrystalline film is nearly as 
large as that of a single crystal film.

In the vacuum evaporation process, source material is evaporated thermally inside the vac‐
uum and its vapors are condensed at the substrate. The vacuum has a benefit of controlling 
the contaminations and reducing the melting temperature of the source material. Vacuum 
also increases the mean free path for the motion of deposited species. The vacuum required 
for deposition is from 10−5 to 10−10 Torr. Thermal evaporation is obtained by thermal heating 
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sources such as tungsten coils. The vacuum evaporation technique is used for fabrication of 
decorative coating, corrosion protective coatings, and electrically conducting films [13]. The 
sputter deposition is done by physical sputtering. It is the process in which material is not 
heated thermally so it is a non‐vaporizing process. Material from target is ejected and then 
deposits onto a substrate. When energetic particles like ions are bombarded on the sputter‐
ing target, a plume of material is released and deposits onto a substrate just like a shower of 
sand when a golf ball lands in the bunker. The bombarding particles are usually gaseous ions 
accelerated from plasma. The sputtering gas is often an inert gas like argon gas. The spacing 
between source and substrate is less than vacuum deposition.

The plasma pressure for sputter deposition is from 5 to 30 mTorr. The sputtered particles are 
thermalized by gas phase collision before they reach substrate surface. The ions are generated 
from local plasma (diode or planar magnetron sputtering) or a separate ion beam source (ion 
beam deposition) [13, 14], as shown in Figure 1.

In molecular beam epitaxial (MBE) growth, the fabrication of crystalline thin film can be 
grown epitaxial above the other crystalline substrate with the beam of molecules or atoms.

This method required an ultra‐high vacuum up to (10⁻8) pa for the film deposition. The rate of 
deposition is very slow which is 1 µm/h. The materials are then evaporated and reach the sub‐
strate individually on the wafer and reaction takes place between these vapors. This method 
can give high‐purity epitaxial layers of compound semiconductors. The word “beam” shows 
that sublimated atoms of the material do not interact with each other and with vacuum cham‐
ber until reach the wafer, due to long mean free path of atoms. The crystalline film is fabri‐
cated on the substrate of the same material which is called as homoepitaxy. So this epitaxy 
is done with only single material. Heteroepitaxy is performed with different materials. In 
heteroepitaxy, crystalline thin film is fabricated on the substrate of a different material. The 
disadvantage of this method is that it is very expensive. In MBE technique; vapor phase, liq‐
uid phase, and solid phase methods can be used [16].

Figure 1. Sputtering apparatus.
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3.2. Close spaced sublimation (CSS) technique for thin film deposition

Close space sublimation is a type of thermal evaporation technique. Advantage of CSS pro‐
cess is simplified deposition and high transport efficiency conducted under low vacuum 
conditions at moderate temperatures. In CSS technique, desired source material is placed in 
powder form in a graphite boat which is being heated by halogen lamps [5]. The substrate is 
placed in a mica sheet, which acts as a thermal gradient between the source and the substrate. 
The material starts to sublimate and deposit on substrate. The source is maintained at higher 
temperature than substrate. The deposited film presents a high crystallographic orientation 
and adequate opto‐electrical properties for photovoltaic applications.

The CSS is a process for a thin film deposition of materials in a vacuum as shown in Figure 2. 
The material is sublimated by heating and its vapors condensed onto a substrate which is 
placed above the source material. The basic phenomenon of thin film deposition based on 
dissociation at high temperature.

Before the fabrication of thin film by close spaced sublimation, the substrate needs a proper 
cleaning by these methods like acetone, isopropyl alcohol, a rinse with distilled water, and 
ultrasonic cleaning.

The quality of thin films, material transport and deposition rate depends upon the fabrication 
parameters [17, 18].

It is observed that high substrate temperature of CdTe provides good performance of solar cell 
devices. Resistivity of CdTe decreases by increasing the substrate temperature and grain size 
reduces by increasing substrate temperature. Deposition rate also improved at high substrate 

Figure 2. Schematic diagram of CSS designed at CIIT.

Modern Technologies for Creating the Thin-film Systems and Coatings390



3.2. Close spaced sublimation (CSS) technique for thin film deposition

Close space sublimation is a type of thermal evaporation technique. Advantage of CSS pro‐
cess is simplified deposition and high transport efficiency conducted under low vacuum 
conditions at moderate temperatures. In CSS technique, desired source material is placed in 
powder form in a graphite boat which is being heated by halogen lamps [5]. The substrate is 
placed in a mica sheet, which acts as a thermal gradient between the source and the substrate. 
The material starts to sublimate and deposit on substrate. The source is maintained at higher 
temperature than substrate. The deposited film presents a high crystallographic orientation 
and adequate opto‐electrical properties for photovoltaic applications.

The CSS is a process for a thin film deposition of materials in a vacuum as shown in Figure 2. 
The material is sublimated by heating and its vapors condensed onto a substrate which is 
placed above the source material. The basic phenomenon of thin film deposition based on 
dissociation at high temperature.

Before the fabrication of thin film by close spaced sublimation, the substrate needs a proper 
cleaning by these methods like acetone, isopropyl alcohol, a rinse with distilled water, and 
ultrasonic cleaning.

The quality of thin films, material transport and deposition rate depends upon the fabrication 
parameters [17, 18].

It is observed that high substrate temperature of CdTe provides good performance of solar cell 
devices. Resistivity of CdTe decreases by increasing the substrate temperature and grain size 
reduces by increasing substrate temperature. Deposition rate also improved at high substrate 

Figure 2. Schematic diagram of CSS designed at CIIT.

Modern Technologies for Creating the Thin-film Systems and Coatings390

temperature [19]. The pacing between source and substrate is inversely proportional to the 
rate of deposition. Vacuum level for CdS and CdTe deposition is from 10−3 to 10−5 mbar.

Annealing of the films provides improvement of surface morphology and it reduces roughness 
of surface of CdS and CdTe films. Recombination centers reduce by annealing. The crystallinity 
of film also improves by the annealing process. Open circuit voltage also increased by increas‐
ing annealing temperature. Spectral response especially in the range of 500–600 nm is also 
improved by annealing temperature. Hence efficiency of solar cell can be improved [20–22].

The particles movement from higher concentration to lower concentration is called diffusion. 
The distance particles can travel without any collision is called mean free path. Diffusion of one 
kind of particles into other kind of material can change its characteristics like a semiconductor 
material can be converted into an n‐type or a p‐type. The advantages of CSS are as follows: (1) 
the evaporation source and substrate are heated directly by halogen lambs and their tempera‐
ture is controlled using temperature controllers; (2) the source and substrate are separated by a 
mica sheet of about 1–3 mm. In this way, the source vapors are confined to closed space, leading 
to less wastage of evaporated material as compared to other methods. The mica sheet maintains 
the source and substrate at different temperatures, due to which the evaporating materials will 
always have better access to the substrate; (3) the films deposited by this method present a high 
crystallographic orientation and adequate opto‐electrical properties for photo voltaic applica‐
tions; (4) the system is very simple and easy to use; and (5) it has high transport efficiency 
conducted under low vacuum conditions at moderate temperature. There are also some limita‐
tions: (1) the main limitation of CSS deposition system is that there is no quartz crystal to moni‐
tor the growth rate and thickness of the film deposited; and (2) this method can only be used for 
limited number of materials, i.e., materials which can be sublimated at moderate temperatures.

Thermal evaporation method for preparing thin films is becoming very popular since 30 years 
or so. In this method the pressure of gas in chamber is reduced to value as low as possible, 
this is called creating vacuum. Generating vacuum properly is very important because when 
evaporation is performed in poor vacuum or close to the atmospheric pressure, the resulting 
deposition is generally non‐uniform. The purity of deposited films also depends on the qual‐
ity of vacuum and on the purity of source material. Vacuum is created by different pumps 
for example we have rotary vane pump and oil diffusion pump. In our vacuum coating unit, 
these pumps create different vacuum ranges, 10−3 to 10−6 mbar. In this vacuum chamber, 
source material is evaporated by heating at suitable temperature for particular time. In this 
method one must make sure that in order to deposit a material, the evaporation system must 
be able to sublimate it and also pressure of gas in chamber is low enough so that mean free 
path of the atoms of evaporated material is larger than source‐substrate distance.

3.3. Chemical vapor deposition (CVD)

CVD is a chemical process used to produce high‐purity and high‐performance solid materi‐
als. The process is often used in the semiconductor industry to produce thin films. In a typical 
CVD process, the wafer (substrate) is exposed to one or more volatile precursors, which react 
and/or decompose on the substrate surface to produce the desired deposit. Frequently, volatile 
by‐products are also produced, which are removed by gas flow through the reaction chamber. 
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Micro fabrication processes widely use CVD to deposit materials in various forms, including: 
nanocrystalline, polycrystalline, amorphous, and epitaxial. These materials include: silicon, 
carbon fiber, carbon nanofibers, filaments, carbon nanotubes, SiO2, silicon‐germanium, tung‐
sten, silicon carbide, silicon nitride, silicon oxynitride, titanium nitride, and various high‐k 
dielectrics. The CVD process is also used to produce synthetic diamonds. It is a chemical reac‐
tion which transforms gas molecules into the solid material and then into thin film or powder 
form, on the substrate surface. CVD is widely used to fabricate semiconductor devices.

Atomic layer epitaxy (ALE), or atomic layer chemical vapor deposition (ALCVD), now a days 
is known as atomic layer deposition (ALD) technique used for the production of high quality 
and thin solid films of specific crystal structures or orientations. This method provides very 
fine control of film thicknesses to one atomic layer. It has a wide range of applications in areas 
such as thin film ceramics, gas sensors, radiation detectors, optical/infrared filters, surface 
hardening, and fiber optical materials. The term epitaxy comes from the Greek roots epi, mean‐
ing “above”, and taxis, meaning “in ordered manner”. It can be translated “to arrange upon”. 
It is a method that is based on sequential use of gas phase chemical process. Mostly in (ALE) 
two chemicals are used called precursors. Chemical reaction takes place between these pre‐
cursors with surface one at a time in sequential manner. Using ALE alternating monolayers of 
two different elements can be deposited onto a substrate. In this technique material amount 
deposited in each cycle is constant. This method provides crystalline and uniform films espe‐
cially if very thin film is required. In the laboratory of advanced energy systems, ALE used to 
grow both CdS and CdTe layers in a single process. ALE reactor with four individually con‐
trolled sources to control inside solid reactants, and has number of sources for external inert 
gas flow and liquid reactants. The spacing between two substrates is 1–3 mm.

The deposition of a substance on an electrode by the process of electrolyses is another CVD 
method. It is a technique in which electric current is passed through a chemical solution and 
ionization occurs then these ions deposit on the substrate.

Electrolytic deposition‐cathodic film is also a versatile method of depositing film on an elec‐
trode (cathode) of the cell in which electrode is placed in a solution and the ions in that solution 
are impelled to the electrodes by an electric anodization was used as electrolyte in the middle 
of nineteenth century. A few years later, sulfuric acid bath was used in same process. This tech‐
nique can be related to that of electrolytic deposition method. Same apparatus is used for both, 
but in this case, the thin film is formed at the anode or positive electrode rather than at cathode.

4. Fabrication of CdS thin film by chemical bath deposition (CBD) and 
(CSS) techniques

A II–VI semiconductor compound cadmium sulfide (CdS) has much importance because of 
its so many applications in several heterojunction photovoltaic thin film devices of CdTe, cop‐
per indium gallium diselenide (Cu(InxGa1‐x)Se2), or copper Indium Gallium sulfide (CIGS), 
and solar cells. Many other devices in the fields of electronics, optics, and infrared are also 
fabricated by using CdS [1–3]. The CdS is a suitable n‐type material, can be fabricated by a 
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grow both CdS and CdTe layers in a single process. ALE reactor with four individually con‐
trolled sources to control inside solid reactants, and has number of sources for external inert 
gas flow and liquid reactants. The spacing between two substrates is 1–3 mm.

The deposition of a substance on an electrode by the process of electrolyses is another CVD 
method. It is a technique in which electric current is passed through a chemical solution and 
ionization occurs then these ions deposit on the substrate.

Electrolytic deposition‐cathodic film is also a versatile method of depositing film on an elec‐
trode (cathode) of the cell in which electrode is placed in a solution and the ions in that solution 
are impelled to the electrodes by an electric anodization was used as electrolyte in the middle 
of nineteenth century. A few years later, sulfuric acid bath was used in same process. This tech‐
nique can be related to that of electrolytic deposition method. Same apparatus is used for both, 
but in this case, the thin film is formed at the anode or positive electrode rather than at cathode.

4. Fabrication of CdS thin film by chemical bath deposition (CBD) and 
(CSS) techniques

A II–VI semiconductor compound cadmium sulfide (CdS) has much importance because of 
its so many applications in several heterojunction photovoltaic thin film devices of CdTe, cop‐
per indium gallium diselenide (Cu(InxGa1‐x)Se2), or copper Indium Gallium sulfide (CIGS), 
and solar cells. Many other devices in the fields of electronics, optics, and infrared are also 
fabricated by using CdS [1–3]. The CdS is a suitable n‐type material, can be fabricated by a 
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variety of fabrication techniques like sol‐gel technique [4], close spaced sublimation (CSS), 
chemical bath deposition (CBD), thermal evaporation, chemical vapor deposition, molecular 
beam epitaxy and spray pyrolysis. Each and every deposition process provides different opti‐
cal, structural, electrical, and morphological properties [5–10].

First, solar cell has reported CdS deposited by high rate vapor transport deposition (HRVTD). 
CdS is called window layer due to its higher rate of light transmission [11–14]. CdS thin films 
are very suitable for so many other semiconductor devices and radiation detectors. CdS thin 
films with wide band gap are highly used for photovoltaic devices. Since CdS used as win‐
dow layer in solar cell so it should be fabricated very thin, high amount of light should pass 
through CdS and absorb in CdTe. The CdS thin film must be continuous to reduce the effect 
of short circuit in the cell. The CdS thin films deposited by CBD can fulfill these requirements. 
So the thickness of CdS has much importance for the high efficiency of solar cell [15–17]. CdS 
(CBD) thin films are grown by cadmium chloride, ammonium nitrate, and potassium hydrox‐
ide. After heating to a specific temperature, thiourea is added to start the fabrication process 
[18–20]. CBD is very easy process for the fabrication of CdS thin films on ITO glass. For the 
fabrication of thin film solar cell, one needs a very thin film up to (60–80) nm. It is very suitable 
process especially from solar cell point of view. It is a process in which substrate is placed in 
a hot chemical solution stirring vigorously for specific time, positive and negative ions will 
reach and meet on the substrate and thin film is grown. The advantage of this technique is that 
neither vacuum and nor very high temperature is required for CBD [5, 21].

Thin films of CdS were deposited on microscope glass sides and ITO glass sides. Two fab‐
rication procedures were used for CdS deposition for the first time in our lab. Firstly, CdS 
thin films were fabricated by CBD technique. For fabrication of thin film for solar cells, we 
need a very thin film up to (60–80) nm. In this process substrate was placed in a hot chemical 
solution stirring vigorously for 10–30 minutes with magnetic stirring at 3 Hz at 75°C by com‐
bining positive and negative ions on the substrate thin film was grown. The advantage was 
that neither vacuum nor very high temperature is required for CBD. The chemical solutions 
of (0.02 M) about 80 ml solution of cadmium chloride (CdCl2), (1.5 M) about 80 ml solution 
of ammonium nitrate (NH4NO3), and (0.5 M) about 200 ml solution of potassium hydroxide 
(KOH) were made in a beaker. When temperature reached at 75°C, thiourea of (0.2 M) about 
80 ml solution was added to start fabrication. The films were fabricated with magnetic stirring 
of 3 Hz for 10–30 min at 75oC as described in [5]. It is a process in which substrate is placed 
in a hot chemical solution stirring vigorously for specific time, positive and negative ions will 
reach and meet on the substrate and thin film is grown. The advantage of this technique is 
that neither vacuum and nor very high temperature is required for CBD [24]. Substrate was 
cleaned by using detergent then rinsed in distilled water then again clean with acetone and 
rinsed in distilled water then clean with isopropyl alcohol (IPA).

These three solutions are added to the beaker. The substrates are fixed inside the solution 
with the help of a substrate holder. The beaker is placed on the hot magnetic plate with mag‐
netic stirrer inside. A pH meter and thermometer is also dipped in the solution to measure 
pH and temperature, respectively. Provide heat to solution up to temperature of 75°C. The 
solution is provided by stirring continuously throughout the experiment.
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When temperature reached at 75°C add the thiourea about 0.2 M (80 ml).

As thiourea is added to the solution, the reaction starts suddenly. So thiourea is the last com‐
ponent which is added to the solution. The CdS deposition starts when thiourea is added. 
Use stop watch now and substrates will be taken out after the 10, 20, and 30 min, respectively.

Films are retired from the solution according to the specific deposition time and rinsed imme‐
diately with distilled water into an ultrasonic cleaner. The CdS deposited films with pale yel‐
low color are obtained. The CdS film is deposited on both sides of the ITO glass. So film from 
glass side is cleaned by using 10% hydrochloric acid (HCl) solution. It needs much care when 
using HCl acid on glass side for cleaning because drops of HCl can remove film from ITO 
sides as well. After deposition, these CdS films will be annealed at 400°C for 30 min [25–27].

CdS thin films fabricated by the CSS are also another moderate temperature fabrication tech‐
nique in a vacuum chamber. More than 20% efficiency has been achieved by using CdTe/CdS 
heterojunction thin film solar cell by this technique. CSS is moderate temperature procedure 
so it provides in some cases better results [22, 23]. The CSS technique is one of the techniques 
that have produces encouraging results [15] mainly because it is simple deposition apparatus 
and high transport efficiency and deposition can be done in low vacuum at moderate temper‐
atures. There is minimum use of material in the CSS system as compared to other methods. As 
the substrate is close to the source materials in the CSS technique, roughness increases in the 
thin films and has high absorption, which makes it suitable material for solar cell applications. 
The CSS has a disadvantage that one cannot introduce thickness monitor.

CdS (CSS) fabrication was carried out in a vacuum chamber of approximately 4 × 10−1 mbar. The 
CdS sigma Aldrich powder 99.999% pure was used. Substrate temperature was maintained at 
400°C and source temperature was in between (500–600)°C. Source material was heated by 1000 
W halogen lamp and substrate was heated by a 500 W halogen lamp. Time of deposition was 
about (3–5) min as shown in Figure 2. The film was fabricated after collected after cooling. It is 
very easy process for the fabrication of CdS thin films on ITO glass. The disadvantage of closed 
spaced sublimation is that thickness cannot be controlled. For the fabrication of thin film solar 
cell we need a very thin film up to 60–80 nm, which is not easily possible by using close spaced 
sublimation process. It is very suitable process especially from solar cell point of view. CdS 
thin films were deposited on ITO glass substrate by CBD technique as shown in Figure 3 using 
CdCl2, ammonium nitrate (NH4NO3), potassium hydroxide (KOH), and thiourea as starting 
materials. ITO coated glass was used as available from sigma‐Aldrich. Deposition was carried 
out with magnetic stirring at 3 Hz for 30 min at 75°C. The resulting CdS layer was annealed at 
400°C for 30 min in a vacuum chamber at 4 × 10−2 mbar, and its thickness was found to be 800 
nm. The CdTe layer was deposited on CdS by CSS technique under vacuum of 4 × 10−1 mbar. 
Deposition time was kept as 3–5 min. The substrate and source temperature were maintained 
at 400 and 530°C, respectively. A 500 W halogen lamp was used to heat the CdS/ITO/glass 
substrate, whereas a graphite boat was used to heat the source material with a 1000 W halogen 
lamp. The source and substrate spacing was measured as 4–5 mm. CdTe film thickness was 
measured as 5 µm. To enhance the p‐type properties of CdTe, tellurium (Te) layer (400 nm) was 
deposited on CdTe by CSS technique under vacuum of 4 × 10−2 mbar. Deposition time was kept 
as 5 min, whereas, source and substrate temperatures were kept as 350 and 200°C, respectively. 
Resulting Te layer was annealed at 200°C for 1 h.
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1.04 g CdCl2 was dissolved in 50 ml methanol at 65°C with constant magnetic stirring at 3 Hz 
for 10 min CdCl2/methanol solution was then allowed to cool down at room temperature (25°C). 
The CdS/ITO/glass and the CdTe/CdS/ITO/glass structures were soaked in the CdCl2 solution 
for 7 s. After drying at room temperature, the structures were annealed in a tube furnace for 30 
min at 400°C with constant flow of argon gas (30 ml/min).

Transmission spectra, X‐ray diffraction (XRD), and scanning electron microscope (SEM) with 
energy dispersive X‐ray (EDX) investigations were carried out in order to understand the opti‐
cal, crystallographic, and morphological effects of CdCl2 treatment on CdTe and CdS films. 
Optical analysis using UV‐VIS‐NIR spectrophotometer was also used to study the thickness of 
films. Rutherford back scattering (RBS) analysis was used to identify the elemental composi‐
tion of CdS thin films and further confirm their thickness. Rutherford back scattering spec‐
trometry with an accuracy of 7% was used. High energy alpha particles were bombarded on 
the CdS film. Backscattered He2+ ion energy distribution and yield at a given angle were mea‐
sured. Backscattered ions were detected by using a surface barrier detector with 17 keV resolu‐
tion kept at a scattering angle of 160°. Since cross section of backscattering for each element is 
known, it is possible to get a quantitative compositional analysis from the RBS spectrum. Silver 
(Ag) paste was used for ohmic contact formation in the ITO/CdS/CdTe solar cells structure.

5. Comparative analysis of optical properties of thin films

(UV‐VIS‐IR) spectrophotometer was used to study optical properties of CdS (CBD) and CdS 
(CSS) thin films. The transmission for (CBD) films starts after 300 nm wavelength but in case 
of (CSS) transmission starts after 500 nm. So in CdS (CSS), blue portion of light was absorbed. 

Figure 3. Chemical bath deposition apparatus.
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Transmission increased especially above 550 nm wavelength region. In the region of 600–800 nm 
the transmission was more than 70% for both (CBD) and (CSS), so light transmission through 
(CBD) films was higher than (CSS). Due to this high transmission characteristic which showed 
that CdS a good window layer for the thin film solar cells of many kinds, fabricated by both of 
the techniques. The Swanepoel model provided calculations about thickness and refractive index. 
Energy values were calculated by plotting a graph between energy and (αhυ)2. Formula for refrac‐
tive index (n) is given in Eqs. (1)–(3).

  d =   
M  λ  max    λ  min   ___________  4n( λ  max   −  λ  min   )

    (1)

where M is the number of oscillations between maximum and minimum transmission wave‐
lengths λmax and λmin, respectively. The obtained thickness of CdTe films was 5 µm. n can be 
calculated using the relation:

  n =   
[ N +  ( N   2  − 4  s   2  )     1 __ 2    ]

  ___________ 2    (2)

  Where,  N = 1 +  s   2  + 4s  (    
 T  M   −  T  m  

 _  T  M    T  m     )     (3)

Here, the refractive index of glass, s = 1.52, Tmax and Tmin are the maximum and minimum 
transmissions, respectively. The values of d and n are calculated from Eqs. (1) and (2). The 
optical properties demonstrate a slight increase in absorption in IR region. Consequently, the 
transmittance is seen to slightly decrease after CdCl2 heat‐treatment. The band gap can be 
determined using the following relation:

  αhν = A  (hν −  E  g   )   N/2   (4)

Here A is a constant, hv is the photon energy, Eg is the optical energy band gap. N depends 
on the nature of the transition (N = 1 for direct band gap, while N = 4 for indirect band gap 
transition). hv can be calculated by

  hυ  (  eV )     =  1.24 / λ  (  µm )     (5)

The band gap can be obtained by extrapolating (αhv)2 versus the incident photon energy (hv) 
plot. CdCl2 heat‐treatment results showed a slight decrease in band gap values as well. The 
band gap values extracted from these plots are 1.50 eV for as‐deposited and 1.49 eV for CdCl2 
heat‐treated sample.

5.1. Optical properties of CdTe by closed space sublimation (CSS)

The optical measurements using the spectrophotometer can provide the information about 
the transmittance, thickness, refractive index, absorption coefficient, and energy band gap. 
The as‐deposited CdTe films have a high absorption in the visible and near‐infrared regions, 
which did not change significantly after the CdCl treatment. The transmission in the as‐
deposited sample is about 80% at higher wavelength. The same is improved to above 85% in 
the heat‐treated sample while the CdCl2 treated sample has about 80% transmission in higher 
wavelength region as shown in Figure 4.

The crystallographic orientation of CdTe samples was investigated by X‐ray diffraction. The 
main reflections of the samples are the same and can be indexed according to fcc CdTe lattice.
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The data analysis gave the lattice constant as 6.395 Å, which agreed with the reported value 
of 6.410 Å for the as‐deposited and CdCl2 lattice constant (ASTM Cards 15‐0770, 75‐2086). 
Two values of the lattice constant are attributed to the recrystallized lattice. The strongest 
(1 1 1) reflection in the as‐deposited sample indicates that a preferential orientation of (1 1 1) 
matches well with the observation earlier reported. The loss in the texture of CdTe is exhibited 
in CdCl2‐treated sample. However, the intensity of the (1 1 1) peak is lower in CdCl2‐treated 
sample CdTe‐63, implying that the samples are losing (1 1 1) texture and at the same time 
reorienting themselves in the (2 2 0) direction. The structure of CdTe is Cubic. The nature of 
deposited film is polycrystalline as shown in Figure 5.

5.2. Scan electron microscopy (SEM) of CdTe samples CdTe‐20 and CdTe‐63, CdTe‐20 and 
CdTe‐63

The morphology of the as‐deposited heat‐treated and CdCl2 ‐treated samples CdTe‐20 and 
CdTe‐63 show the change in the shape and size of the CdTe grains as in Figure 6. The average 
grain size of the as‐deposited sample is under 01.7 µm and 0.86 µm in the heat‐treated sample 
respectively while some of the bigger grains divide into smaller grains and reorient themselves, 
which results into an entirely different microstructure. The SEM images support the XRD results.
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Figure 4. Transmittance vs. wavelength and energy band gap of CdTe samples.
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5.3. Optical analysis of CdS thin film by chemical bath deposition

The CdS layer has good transmittance especially above 550 nm wavelength region as shown 
in Figure 7. Transmission starts after 300 nm by CBD process. In the region of 600–800 nm, the 
transmission is more than 70% in samples CdS 21 and CdS/CBD 23. This is the characteristic 
which shows that CdS is good window layer for the thin film solar cells of many kinds.

The band gap can be obtained by extrapolating (αhv)2 versus the incident photon energy (hv) 
plot. CdS 23 and CdS 24 samples fabricated by chemical bath deposition results showed a 
slight decrease in band gap values as well. The band gap values extracted from these plots are 
2.36 eV and 2.33 eV.

5.4. Structural analysis of CdS by chemical bath deposition (CBD)

Structural properties were studied by X‐ray diffraction using CuKα radiations of 1.5418 Å. 
The data analysis provided lattice constant as 6.50 Å for as‐deposited sample. The lattice 
parameter can be calculated by using the relation for only cubic structure.
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where h, k, and l are Miller indices, for hexagonal structure formula for “d'’ is

  1 /  d   2  = 4 / 3  (  (  h   2  + hk +  k   2  ) +   l   
2  __  c   2     (7)

By using the Scherer formula, crystalline size can be calculated

  Crystalline size =    0.9λ ______ β cos θ    (8)

λ is X‐rays wavelength, 0.9 is a constant shape factor, β is full width half maxima in radi‐
ans, θ is Bragg's angle [25]. Peaks relating to CdS can be identified by using standard card 
JCPDS‐00‐041‐1049. The d‐spacing values were compared with standard values of ASTM cards 
to find the structure. It was observed in this experimental work that CdS thin films had a mixed 
structure of H (0 0 2) and C (1 1 1) for both techniques. So CdS has a polycrystalline behavior 
[20–22, 30–39]. Preferred orientation is (0 0 2) and structure is hexagonal as shown in Figure 8.

5.5. Optical analysis of CdS thin film by close sublimation technique (CSS)

The CdS deposited by close spaced sublimation have transmission for light above 550 nm 
then it again decreases for infrared region as shown in Figure 9. So if we consider only visible 
spectrum as for the solar cell point of view then it can be observed that from 600 to 800 nm, 
the transmission is more than 60% which shows that CdS is a good and efficient window layer 
for the visible spectrum or solar spectrum exclusively. The energy band gap is also showing 
the 2.44 and 2.38 eV for samples CdS 13 and CdS 318, respectively.
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5.6. Structural analysis of CdS by close sublimation technique (CSS)

The XRD spectra were taken scanning the values of 2θ from 20 to 80° as shown in Figure 10. 
In CdS (CSS) high intensity planes were grown during the film growth due to high tempera‐
ture. In CdS (CSS) strong peaks C (1 1 1), and H(0 0 2) were for two samples 317 and 318 as 
observed, which proved the polycrystalline behavior of CdS thin films. The height of peak/
intensity for CdS (CBD) was only up to 200, 150, and 400, first strong peak was H (0 0 2) for 
two samples and C (1 1 1) for third sample at 2θ value of (26.49, 25.19, 26.74) degree of angle. 
In our research work for both CBD and CSS techniques, first hexagonal strong peak was dom‐
inant. The size of grains was different for different fabrication techniques this may be due to 
film thickness, temperature or different nucleation of CdS for different deposition methods.

5.7. SEM analysis of CdS (CBD) and CdS (CSS)

Surface morphology was studied by using scanning electron microscopy (SEM), and grain 
size for CdS (CSS) was measured to be 300–400 nm as shown in Figure 11.
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The surface of CBD films was slightly nonuniform but CdS (CSS) structure was fine with bet‐
ter crystallinity. SEM analysis showed that CBD‐CdS thin films grain size approximately was 
found to be (50–100) nm and CSS‐CdS films grain size was approximately (200–300) nm. It 
was also observed that at high source temperature, grain size was bigger in the CSS technique. 
It is reported in the literature that even less crystalline and non‐uniform films of CBD process 
gave high‐efficiency as compared to CSS [5, 40–42].
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Figure 11. SEM micrographs of CBD‐CdS and CSS‐CdS samples.
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The transmission spectra of ITO coated thin films and ITO/CdS films shows more than 90% 
light is passes in the visible as well as near infrared regions shown in Figure 12. Since a CdS 
thin film (100–200 nm) is used for solar cells, the CdS film is well suited as the TCS for CdTe 
solar cells.

6. Conclusions

An ITO/CdTe/CdS/glass solar cell was successfully prepared using CSS and CBD techniques. 
Optical analysis of ITO demonstrated transmittance of over 85% for whole wavelength. The 
effects of CdCl2 immersion and heating on the optical, structural, and morphological prop‐
erties of CdTe and CdS surfaces were studied with an effort to promote recrystallization, 
reorientation, and progressive increase in grain size. Structural properties investigated by 
using XRD exhibited shift in 2θ diffraction angles of peaks, change in crystalline size, change 
in intensity of preferred orientation, and change in the total number of peaks, which indi‐
cates toward recrystallization and reorientation. The optical results after CdCl2 heat‐treat‐
ment showed a decrease in transmittance in the case of CdTe thin film and increase in the case 
of CdS thin film. Similarly, band gap values were also observed to decrease after the CdCl2 
heat‐treatment. Surface morphology of CdTe thin films was affected by CdCl2 heat‐treatment 
as well. The SEM micrographs assisted in investigating the changes. A grain size of CdTe 
as‐deposited sample was found to improve after the CdCl2 heat‐treatment. Similarly, a grain 
size of CdS as‐deposited sample was found to improve after the CdCl2 heat‐treatment. In 
conclusion, the significant improvement to the CdTe/CdS films solar cell performance can be 
achieved when annealed at 400°C in the presence of CdCl2 on the free surfaces of CdTe and 
CdS. These results can be used in turn to improve the short circuit current and open circuit 
voltage of solar cells.
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Abstract

Low-emissivity (low-E) technology is a unique and cost-effective solution to save energy 
in buildings for different climates. Its development combines advances in materials sci-
ence, vacuum deposition, and optical design. In this chapter, we will review the fun-
damentals of energy saving window coatings, the history of its application, and the 
materials used. The current low-E coating technologies are overviewed, especially silver-
based low-E technologies, which comprise more than 90% of the overall low-E market 
today. Further, the advanced understanding of generating high-quality silver thin films 
is discussed, which is at the heart of silver-based low-E product technology development. 
How the silver thin film electrical, optical, and emissivity properties are influenced by 
their microstructure, thickness, and by the materials on neighboring layers will be dis-
cussed from a theoretical and an experimental perspective.

Keywords: low-E, emissivity, silver, coating, glass, window, optical, materials

1. Introduction to low-E applications

The growing awareness of global warming has intensified efforts to make buildings and 
vehicles more energy efficient. “Building heating, ventilation, and air conditioning (HVAC) 
accounted for 14% of primary energy consumption in the United States in 2013” [1]. Windows 
are often considered the least energy-efficient component in a building. Efficiency upgrades 
that improve the energy efficiency of windows are among the most promising and cost-
effective energy technology options available now. A National Academy of Sciences study 
concluded that, “by an order of magnitude, the largest apparent benefits [of the technolo-
gies examined] were realized as avoided energy costs in the buildings sector in energy 
efficiency”[2].

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Modern coating technologies provide architectural window coatings with adequate illumina-
tion levels in building interiors, while controlling energy transfer to save either cooling or heat-
ing energy. In 2003, 95% typical new windows in U.S. were double-glazed windows, and 50% 
have a low-E coating [3].Thus, energy saving windows are very popular in developed countries.

1.1. Why low-E coating windows are needed

Typical commercial buildings waste 30% of the energy they consume, mostly by heat and cool-
ing loss through the building envelope (windows, doors, roofs, etc.) [4]. Losses through win-
dows alone are estimated to cost U.S. consumers roughly $40 billion each year [2]. Radiation 
losses occur through the window glass and represent about 60% of the total heat loss in a 
standard window [4]. How can the heat transfer through windows be effectively controlled? 
One cost-effective solution today is through low-emissivity (low-E) coatings.

1.2. What is low-emissivity coating?

To understand low-emissivity coatings, let us first define emissivity. Emissivity is the ratio of 
heat emitted from a given material compared to that from a blackbody, from zero to one. A 
blackbody would have an emissivity of 100% and a perfect reflector would have zero value. 
The emissivity of the surface of a material is its effectiveness in emitting energy as thermal 
radiation. The typical common materials emissivity is listed below in Table 1.

When the emissivity of a window coating is low, the window coating is called low-E coat-
ing. The standard varies for different countries. Pyrolytic low-E coating for single-pane glass 
normally can achieve around 20% emissivity, while silver-based sputter coatings can achieve 
8–2% emissivity, which represents currently 90% of the low-E market. These two types of 
low-E coatings will be discussed in more detail in the later sections.

Materials surface** Thermal emissivity

Aluminum foil 0.03

Asphalt 0.88

Brick 0.9

Concrete, rough 0.91

Glass, smooth (uncoated) 0.91

Limestone 0.92

Marble, Polished or white 0.89–0.92

Marble, Smooth 0.56

Paper, roofing or white 0.88–0.86

Plaster, rough 0.89

Silver, polished 0.02

Table 1. Emissivity of common materials [39].
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1.3. How can low-E coating windows save energy?

Let us first review a few common terminologies in the low-E field according to Ref. [5]:

Insulating glass unit (IGU) commonly consists of double or triple panes of glass separated 
by a vacuum or gas-filled space and sealed together at the edge to reduce the heat transfer 
of the buildings. The common insulating filled gas are air, argon, or krypton. There are four 
surfaces for double-paned IGUs, commonly labeled as surface 1–4 from exterior to interior, 
as shown in Figure 1 [5].

Visible light transmittance (Tvis) is the transmitted percentage of visible light (380–780 nm) 
through glass, (or insulating glass unit, IGU).

Solar heat gain coefficient (SHGC) is the percentage of the solar energy passing through 
the window over the incident solar energy (including direct solar transmittance and indirect 
reradiation).

U-factor is a measure of air-to-air heat transmission (loss or gain) in indoor and outdoor tem-
peratures of a 1-m high glazing due to the thermal conductance and the difference. It is an 
overall coefficient of heat transfer, the lower the U-factor, the better the insulating properties 
of the windows.

Second, let us explain how low-E coating could save energy, which is discussed in two climate 
conditions:

a. In cold climates, there are three functions desired for windows: (1) prevent heat loss 
(which requires blocking IR spectra), (2) inspire good human feelings, which requires 
transparency to visible light with friendly colors, and (3) let as much solar heat as 
possible into the room, which requires transparency to whole solar spectrum up to 
2500 nm.

b. In hot climates, the third item is the opposite. We wish to block solar heat (SHGC) as 
much as possible, which usually contradicts the high-visible transmittance require-
ment of the item (2). Thus, the ratio of visible-light transmittance to the SHGC ratio 

Figure 1. The structure of IGU.
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concept is needed, and it is called LSG (light-to-Solar gain ratio). We desire LSG to be 
as high as possible and current highest LSG window product in the market is around 
2.4.

In the spectra level, the ideal low-E coating spectra for cold and hot climates were illustrated 
from reference [6] as in Figure 2.

1.4. Examples of low-E windows in saving energy cost

The energy savings by installing low-E window are solid. Guardian Industries demonstrated 
two examples at the 2012 AIA National Convention and Design Exposition [7]: Two similar 
buildings were located in Chicago and Miami, respectively. The floor area of the six stories 
buildings were 120,000 square feet for both, with floor-to-floor height of 12 feet; slab on grade 
foundation, strip-type windows, window area 20,000 square feet, R-13 wall insulation, natu-
ral gas for heat, and electric power A/C. Several Guardian window products were installed as 
listed below (the IGU configuration were 6 mm glass/12 mm space/6 mm glass, and coating 
was at #2 surface) (Table 2).

Figure 2. The idealized low-E coating spectra for hot or cold climates.
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The annual cost for cooling and heating was calculated in comparison to clear glass (without 
low-E coating) as shown below. The savings purely from heating and cooling could be $8000 
annually in the Chicago building, and double in the Miami building, as shown in Figure 3. 
The reason for the reduction of heating and cooling cost is not only due to the low-E window 
preventing the heat transfer to make the room warm at night and cool at day time, but also 
due to a significant reduction of the solar IR heat through the windows.

In addition, the cooling and heating system capacity could be reduced too, so that one-time 
savings from reduction in HVAC system cooling capacity was calculated in comparison to a 
noncoating unit, as shown in Figure 4. That cost reduction could be $30,000 for the buildings.

Considering a 10-year period, the cost saving is very attractive: $100,000 in Chicago, and 
double that amount in Miami ($200,000). The exact number with different low-E product is 
showed in Figure 5, in comparison with clear glass windows (without low-E coatings).

Glazing Type %Tvis SHGC U-value

Clear glass Mono 89% 81.8% 1.1

No coating I.G.U 80% 71.3% 0.48

SN 68 I.G.U 68% 37.4% 0.29

Nu 50 I.G.U 50% 39.2% 0.34

AC 43 I.G.U 43% 29.6% 0.31

NU 40 I.G.U 40% 31.3% 0.33

silver 20 I.G.U 18% 20.0% 0.41

Table 2. Several typical glass product and their basic parameters [7] .

Figure 3. Comparison of annual heating and cooling saving cost for a building in Chicago and Miami [7].
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2. Low-E coating technology

2.1. Brief history of low-E coating technology

Low-E coating technology’s roots can be traced back more than 100 years ago, from Drude, 
Hagen, and Rubens’s theories. The first glass coating that was able to selectively reflect radia-
tion can be traced back to 1958, when Holland and Siddall [8] demonstrated a gold coating on 
glass with high-transmittance and high-heat reflections. In the 1960s, a product called “Stop 
Ray” was first released in the market for solar control glass to reduce the cooling cost of the 

Figure 5. Ten-year savings including heating/cooling cost saving and one-time saving from reduction in HVAC system 
cooling capacity (compared to a noncoating unit) [7].

Figure 4. One-time savings from reduction in HVAC system cooling capacity (compared to a noncoating unit) [7].
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building. Later, a product called “Infrastop” was also introduced to the market. In the 1970s and 
1980s, another type of low-E glass appeared, called “K-Glass,” which demonstrated high envi-
ronmental and chemical durability, and also reduced the solar IR heat transfer. In the 1980s, the 
silver coating breakthrough was demonstrated, with higher transmittance, much lower emis-
sivity, and friendly color. Quickly, silver coating low-E became the dominant low-E product in 
the market. Today, silver coatings can be further developed with multiple silver blocks, known 
as double silver and triple silver products. A brief history of low-E is covered in Table 3 [9, 10].

2.2. What materials can be used for low-E window coating

Around the 1900s, the German physicist Paul Drude explained the optical behavior of free 
electrons in a solid based on the kinetic theory of free electrons in a metal. This theory is still 
widely used in literature today. In the early twentieth century, physicists Hagen and Rubens 
found that the heat emission from bulk metals described by their emissivity, ε, correlates 
strongly with their conductivity, σ, i.e., with the concentration of free electrons [11]. Based on 
the Drude model, they derived a formula to connect conductivity σ and emissivity:

  ε =  √ 
_____

   
8  ε  0   ω ____ σ      (1)

Thus, the higher the conductivity, the lower the emissivity. In the low-E industry, there are 
a few practical estimations on the relationship of emissivity and sheet resistivity, such as ε = 
0.0106 R□, where R□ is the film sheet resistivity [11]. This is the reason why film-sheet resistivity 
is a very important parameter in qualifying low-E products, and it is easily measured by a 
four-point probe. In addition, Ref. [12] found a way to estimate the optical properties of silver 
(refractive index) at near IR by resistivity measurements [12].

There are two types transparent low-E coatings in today’s market: (1) semiconductive coat-
ings, e.g., ITO (indium tin oxide) and FTO (fluorine-doped tin oxide) and (2) metallic coating. 
Some common low-E materials are listed in Table 4 for comparison.

2.3. Major industry Low-E window coating technologies

Although there are many thin film coating methods available for glass coatings, such as sol-
gel, PECVD, ALD, and E-beam evaporation, there are only two major low-E window coating 
technologies in today’s market: sputtered coating and pyrolytic coating, which provide cost-
effective, high durablility, excellent uniformity on jumbo glass (3 m or more wide glass). The 
two technologies are discussed in the following:

1. Chemical vapor deposition (CVD) coating, or called pyrolytic coating, is a low-E coating 
technology that appeared in the market in the 1970s. This method deposits films directly 
on the hot glass while it is still on the float line, so it is also called online low-E. The layout 
is shown in Figure 6. The CVD process is chosen right after the float/tin bath on the pro-
duction line with around 600°C. Because the substrate glass moves about 1 ft/s as it travels 
down the float line, only 1–1.5 s are available for the coating to form. The precursor com-
pounds (both gases and liquids) are vaporized in a reactor that spreads the resulting gas 
mixture uniformly over an advancing, newly formed glass ribbon. Chemical reactions occur 
in the gas above the glass and on the growing surface of the deposited film. Temperature 
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control is easier because the large thermal mass of the system also keeps the temperature 
relatively uniform across the ribbon. Strongly adhered coatings maintain their integrity 
when the product is bent and tempered [13].

The typical deposition materials by pyrolytic method is fluorine-doped tin oxide (FTO). 
Their extinction coefficient k is very small (0.01 at 550 nm), so that the typical thickness is 
of µm scale, whose transmittance of >80% is acceptable. The refractive index is typically 
around 2. This kind of coating shows extremely good environmental and chemical resis-
tance. Thus, sometimes it is called hard-low-E coating.

Technical specifications 
of the transparent 
conductive coating

Indium oxide (ITO) 
coatings

Tin oxide (FTO) 
coatings

Gold layer systems Silver layer systems

Layer thickness (nm) >20 >20 >6 >6

Sheet resistance R (Ω) >8 >8 >5 >1

Light transmittance (%) >80 >80 >25 >85

Abrasion resistance Very good Very good Good Good

Chemical resistance Good Very good Adequate Adequate

Thermal stability to 
technical parameters

Adequate Adequate to good Adequate Good

Adherence to the glass 
surface

Very good Very good Good Good

Preferred coating  
technique for deposition  
onto flat glass

Sputter process APCVD Pyrolytic  
process

Sputter process Sputter process

Pane thickness for  
coating (mm)

>0.3 >2 >0.3 >0.3

Planes of coated pane As uncoated flat  
glass

Poorer than uncoated  
flat glass

As uncoated flat  
glass

As uncoated flat  
glass

Table 4. The common low-E materials comparison, data obtained from Ref. [11] .

Figure 6. Schematic of a float bath production line used to deposit fluorine-doped tin oxide. Simplified from Ref. [13].
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2. Today, more than 90% of the low-E window coatings are manufactured by sputtered coat-
ers. Worldwide, billions of square meters per year of glass is coated by sputtering method 
and this amount is increasing steadily. Metallic low-E coating is conveniently manufac-
tured by a sputtering method, because it provides a cost-effective solution and excellent 
coating uniformity; in addition, it also provides rich products with variety of choices on 
color, transmittance, solar heat gain, etc. The sputtering coater provides improved emis-
sivity (below 0.08), therefore better heat radiation control, better solar heat control, and 
better optical performance. In addition, the price for current low-E coating products is 
very affordable, below $1/ft2 for single silver coating on 3 mm soda-lime glass.

Sputtering coater could process many different types of materials including:

• Metal materials: most metal could be deposited by sputtering method. The most widely 
used metallic low-E coatings are silver or gold. The extinction coefficient k is very high for 
such metals, such as 3.5 for sliver and 2.6 for gold at wavelength of 550 nm, so only thin 
films such as 20 nm are acceptable for good transmittance.

• Semiconductor: such as indium-doped tin oxide (ITO), aluminum-doped zinc oxide (AZO), etc.

• Dielectric materials: such as bismuth oxide, tin oxide, zinc oxide, titanium oxide, silicon 
oxide, silicon nitride, etc

The typical metal sputter deposition coater layout is shown in Figure 7.

The sputtering coater is typically independent of the glass production, so it is also called offline 
low-E coating. The coater line starts with a glass washer, and an entrance chamber to pump down 
to vacuum condition. The glass travels through each chamber for different layers of material depo-
sition, finally passing through the exit chamber to the ambient condition. Being an offline process, 
sputtering process allows for a high level of flexibility, such as flexible layer system, the scale of 
production, etc. Also, it is generally regarded to be environmentally safe, without waste products. 
Thus, the sputter coating is the most used technology in the low-E coating industry today.

3. Silver-based low-E coating technology overview

Among the sputtered low-E coating products, silver-based low-E is dominant. There are three 
major categories of silver-based low-E products: single-silver, double-silver, and triple-silver 
products [14]. The structures are similar, with single-silver structure being the simplest one. 
A typical structure is as follows (Figure 8).

Figure 7. Schematic of a continuous-batch sputter-coating reactor, simplified from Ref. [13].
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It has been reported that the electrical/optical properties of Ag thin film strongly depend on its 
microstructure, such as crystallite size [15], grain size [16], grain boundaries [17], and surface 
roughness [18, 19], and also on the microstructure of the dielectric under-layers [20–22]. Thus, 
the R&D direction for the low-E industry has been focused on how to improve  silver-thin film 
microstructure for better optical and thermal performance. Generating high-quality silver thin 
films is at the center of the technological development of silver-based low-E products. This will 
be further discussed in Section 3. The base and top layers are typically transparent dielectric 
materials layers, which are critical to the visible optical performance. Seed and blocker layers are 
very important to the emissivity properties, and they will be discussed in the following sections.

3.1. Seed layer

Using a seed layer is a common deposition technique to promote thin-film microstructure, 
and to enhance the thin-film properties, such as optical and mechanical properties. It is often 
reported that the ZnO seed layer can enhance silver thin film crystallite size and grain size, so 
that its resistivity and absorption is greatly reduced [22, 23]. Arbab et al. [23] have demonstrated 
that ZnO seed layer is better than other oxides, such as zinc stannate, as shown in Figures 9 and 
10. The well-crystallized Ag (111) atop of ZnO (002) basal plane induced lower resistivity than 
that of polycrystalline Ag atop of zinc stannate. ZnO is a material that  crystallizes very easily 
at room temperature even at very thin thickness such as 5 nm. The ZnO lattice sites are at the 
corners and center of a hexagon. Three silver atoms at alternate fourfold hollow sites form the 
unit cell of a (111) plane of silver, with 2.6% lattice mismatch between the ZnO and Ag layers 
[23], thus, the crystallized ZnO lattice promote the silver growing at (111) direction.

Figure 8. Typical single-silver coating layer structure.

Figure 9. Well-crystallized Ag (111) atop of ZnO (002) basal plane induced lower resistivity than that of polycrystalline 
Ag atop of zinc stannate.
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3.2. Blocker layer

The blocker layer is extremely important in silver-based low-E coating. Treichel et al. [24] gave 
a good description of blocker layer functions by noting that the typical top layer is comprised 
by oxide materials, such as SnO2, TiO2, or ZnO. Without a blocker layer, the deposition of the 
top layer takes place directly on top of the unprotected silver film. In such a case, the silver layer 
meets a highly reactive sputter process, with the presence of oxygen radicals. The silver crystal 
lattice will be damaged and the silver atoms will agglomerate, until the top layer forms close to 
the surface, preventing further reacting species from reaching the silver [24]. Since the quality 
of the low-E coating is mainly determined by the crystallized silver, an additional barrier, the 
blocker layer, becomes necessary for high-quality low-E coating. In the study shown below, the 
metal titanium was chosen. In low-E applications, emissivity and resistivity is in nearly linear 
relationship. When the blocker is too thin, no close protecting layer formed yet, the emissivity/
resistivity (from silver) is high, which is called region 1. As the blocker thickness is increased, 
the emissivity/resistivity reaches a minimum, called region 2. Further increasing the thickness, 
called region 3, leads to emissivity/resistivity flat or increasing slightly, as shown in Figure 11.

Figure 11. The resistivity of single-silver stack is dependent on the blocker thickness.

Figure 10. Ag (111) growth atop of ZnO (002).
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The optimized blocker layer consists of two portions: a metallic portion close to the silver 
layer and a region with higher oxidization ratio close to the top layer. The typical blocker layer 
thickness is below 10 nm [24].

3.3. Double silver and triple silver

The coating stack in Figure 8 can now be used as a building block for multi-low-E stacks. 
Introducing a sequence of two blocks in Figure 8 leads to double silver stacks, which will 
enhance low-E coating with higher selectivity between IR and visible. The typical structure is 
illustrated in Figure 12.

In this case, the dielectric material is zinc stannate, the seed layer is zinc oxide, and the 
blocker layer is titanium. The zinc stannate layer in the middle has a thickness roughly 
equal to the total thickness of the base and the top layer of the single silver. The typical 
double low-E coating glass spectra is shown in Figure 13, with transmittance around 70%, 
and reflectance from film and glass sides below 10% in the visible region. However, the 
 transmittance is near zero at the IR region (λ > 1000 nm), and the reflectance for IR is very 
high >90% (for λ > 1000 nm).

Figure 12. The double silver stack layout from PPG products with the data obtained from Ref. [25].
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Further, if the three blocks of single silver of Figure 8 were put together [13], it would make a 
triple silver stack which is shown in Figure 14. The selectivity of IR and visiblity is the best in 
today’s market, however, the cost is higher.

Figure 13. The typical double silver spectra of transmittance and reflectance from film side and glass side [26].

Figure 14. A typical triple silver stack.
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4. Advanced understanding of silver-based low-E coatings: thin film 
silver properties

Silver-based low-E window coating currently accounts for 90% of the market. The thin film 
silver properties are key in low-E coating technology. Thus, a separate section is used to focus 
on the thin film silver properties from practice to theory.

There is a hundred years of research history on electric conduction and optical response in 
metals [27–29]. The Drude model [30] describes two main parameters governing the elec-
tronic response: (i) the electron collision time τ, a statistical parameter describing the mean 
time between collisions, and (ii) the plasma frequency ωp, mainly determined by the con-
centration of carriers. Lorentz analyzed the electronic behavior using the dynamical theory 
of gases [31]. These theories gave a reasonable optical response of metals [32]. In addition, 
surface electronic scattering effects are extremely important, and the optical response of metal 
nanoparticles with the interfaces were reported [33–35].

The low-E industry history started with gold thin film then shifted to silver thin film, and the 
transition significantly improve the window color appearance, and the energy-saving effi-
ciency, and the cost. Materials innovation is the key to low-E coating performance. The fol-
lowing figure clearly shows the silver benefit in optical absorption in comparison with those 
of gold and copper with 15 nm thin film, although they are all excellent conductors and are 
shown in Figure 15 [11].

Figure 15. The spectral absorbance for 15 nm thin film of Ag, Au, and Cu.
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4.1. Silver thickness effect in the electrical properties

The thin film silver thickness effects on its electrical properties were studied in many lit-
eratures, and Ref. [12] gave a good comparison of the theoretical and experimental results. 
Figure 16 shows experimental resistivity values (ρ) decreased as Ag films with thicknesses 
ranging from 3 to 74 nm and the theoretical model predictions [12]. The silver was either 
directly deposited on the glass or was deposited in a stack with seed and blocker layers. There 
are two models used in the fitting of the experiments:

(i) First is the Fuchs-Sondheimer theory [31], considering electronic scattering by the inter-
faces, and the resistivity of metal thin films model used in the fitting is shown below:

  ρ =  ρ  i     [  1 −   3 ___ 2κ  (1 − p )   ∫  
1
  ∞   (    1 _  t   3    −   1 _  t   5    )     1 −  e   −κt  ______ 1 − p  e   −κt    dt ]     

−1

   (2)

where κ = d/l, with d is the thin film thickness, l is the electronic mean free path, ρi is the bulk 
resistivity, t is an integration parameter, and p is the probability that an electron will be specu-
larly reflected upon scattering from one of the surfaces (p). Typical values for p are 0 for poly-
crystalline films and 0.5 for single crystal films. The electrical and optical properties of Ag thin 
films exhibit a marked dependence with thickness when this is comparable to the electronic 
mean free path.

Figure 16. Experimental electrical resistivity for Ag stacks (red dots), Ag on glass (blue dots), and calculated values using 
Fuchs-Sondheimer’s theory for polycrystalline films (p = 0) and single crystal films (p = 0.5). The dotted lines show how 
roughness and intergrain scattering affect resistivity using the Rossnagel and Kuan formalism [12].
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(ii) The nonoptimum growth of Ag on glass leads to rougher films and agglomeration in 
the lower thickness limit. Mayadas et al. [36, 37] extended Fuchs-Sondheimer theory in Eq. 
(1) to consider electronic scattering by grain boundaries. Furthermore, Rossnagel and Kuan 
[38] revised this model and extended it to take into account surface roughness and grain 
size as

  ρ =  ρ  i    [  1 +   
0.375  (  1 − p )   Sl

 _ d   +   1.5 Rl _   (  1 − R )    g   ]     (3)

where S is the roughness parameter that equals 1 in perfect, atomically flat interfaces, and 
increases as roughness does so. R is the scattering coefficient, illustrating the scattering of 
electrons at the grain boundaries. Finally, g is the average grain size, which is shown in 
Figure 17. These parameters clearly illustrate how thickness, grain size, and surface rough-
ness affect the films reflectivity.

4.2. Silver thickness effect in the optical properties

Ref. [10] provided a good model and experiments on the silver thickness effect in the optical 
properties. Figure 18(a) shows the refractive index (n) and extinction coefficient (k) for Ag 
thin films deposited on glass with thickness ranging from 15.3 to 74.3 nm [12]. A progres-
sive reduction in n is observed as the Ag films get thicker, achieving values close to bulk for 
thicknesses around 74.3 nm [36]. On the other hand, the extinction coefficient (k) was found to 
remain almost identical for all the thicknesses.

Figure 17. Ag grain size measured for the case of films deposited on glass and in stack configuration [12].
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Using the ellipsometry method, the electron scattering times τ for the Ag films can 
be calculated. It is interesting to find that the product τ × ρ also remains constant, as 
shown in Figure 19, and the theory behind it have been discussed in the literature [12]. 
Further, a new model was developed to predict the silver refractive index as shown in 
Figure 20.

  n ≈   
ρ
 ___________  2  ε  0    (ρτ )   2   ω   3          k   =   

ρ
 ___________ 2  ε  0    C   2           ω   3          k    (4)

where C is the product ρ × τ, with the value 59 ± 2 µΩ cm fs [10], independent of the wave-
length, and k is nearly a constant for the silver film.

Figure 18. (a) Refractive index (n) and extinction coefficient (k) and (b) real and imaginary parts of the dielectric function 
for Ag thin films deposited on glass [12].
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Figure 18. (a) Refractive index (n) and extinction coefficient (k) and (b) real and imaginary parts of the dielectric function 
for Ag thin films deposited on glass [12].
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Figure 19. The product τ × ρ remains constant within the thicknesses range studied with silver directly deposited on 
glass, and with silver in the stack between seed and blocker layer [12].

Figure 20. Experimental refractive index spectra for Ag films (a) 29 nm and (b) 74 nm thick along with calculations using three 
values of the constant C, i.e., 59 µΩ cm fs as middle point, and 57 and 61 µΩ cm fs as lower and upper limits, respectively [12].
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4.3. Emissivity dependence with silver thickness

Low-emissivity coatings have important applications in energy-efficient windows and ther-
mal coatings. Figure 21 shows experimental emissivity values for Ag thin films with thick-
nesses ranging from 3 to 40 nm [12]. A progressive increase in emissivity is observed as the 
films get thinner, which means their ability to reflect infrared radiation decreases.

The optical model could calculate the reflectivity by using silver’s optical constants with dif-
ferent silver film thicknesses, which can be used for simulating silver emissivity [12]

  ϵ =   
 ∑  i=1  m  (1 −  R  λi   )  E  bi   Δ  λ  i    ______________   ∑  i=1  m    E  bi   Δ  λ  i  

    (5)

where Rλ is the reflectivity at wavelength λ and Ebλ is the radiation emitted by blackbody at 
wavelength λ, and Rλ can be calculated from the refractive index n, k, which can be calculated 
from the modeling for polycrystalline and single crystal. These results are compared with 
experimental results in Figure 21, which implied that the most experimental silver film results 
are agreed with the polycrystalline model.

5. Conclusion

Stronger legislations are helping to improve the energy efficiency of new buildings, so low-E 
technology, especially silver-based low-E technology, has developed very fast in the last 30 

Figure 21. Emissivity versus thickness for Ag thin films. Calculations correspond to bulk Ag optical constants 
considering no dependence with thickness (blue line), considering the evolution of the electron collision time predicted 
for polycrystalline films p = 0 (red line) and single crystal films p = 0.5 (green line) [12].
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years. Silver-based low-E technology is reviewed on its application background, history, and 
on how technically to generate high-quality, silver thin films; further on how the silver thin 
film’s electrical, optical, and emissivity properties are influenced by their microstructure, 
thickness, and by the materials on neighboring layers through a theoretical and an experi-
mental perspective. Low-E window coating is one of the fastest growing sectors in the glass 
industry, and sputtered silver-based low-E will continue to grow in the near future globally.
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