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Preface

The book Thin Film Processes - Artifacts on Surface Phenomena and Technological Facets
aims to provide in-depth knowledge of classic topics on thin-film materials and it contains
contributions of the researchers involved in different fields of research. The development of
sophisticated thin-film technologies effectively depends on the manipulation of modernized
physico-chemical materials. The framework of knowledge of thin-film materials provides a
platform to innovate, which has the tendency to progress the life requirements rather than
scientific pursuit. In modern times, thin-film technology is a developing and progressing sci‐
entific discipline at the front line of physical, chemical and biological sciences with remarka‐
ble international opportunities and relationships. Thin-film technology has diverse
applications in daily life, starting from conventional lighting devices, and extending to solar
cells and other electrical and electronic devices that pertain to thin- film materials. The chap‐
ters in the book have been written by established researchers in the area and cover the ad‐
vanced areas of research and developments in the field of materials science.

This book consists of ten chapters that have been categorized into three sections. Section 1
consists of four chapters on the thin-film deposition methods with synthesis aspects: Intro‐
ductory Chapter: The Prominence of Thin Film Science in Technological Scale; Synthesis of
Thin Films of Sulfides of Cadmium Lead and Copper by Chemical Bath Deposition; Modi‐
fied Spin Coating Method for Coating and Fabricating Ferroelectric Thin Films as Sensors
and Solar Cells and Emission, Defects, and Structure of ZnO Nanocrystal Films Obtained by
Electrochemical Method. Section 2 contains of three chapters: Lab-on-a-Tube Surface Micro‐
machining Technology; Efficient Optimization of the Optoelectronic Performance in Chemi‐
cally Deposited Thin Films and Thin Films as a Tool for Nanoscale Studies of Cement
Systems and Building Materials. Section 3 comprises of three chapters: Layer-by-Layer Thin
Films and Coatings Containing Metal Nanoparticles in Catalysis; RRAM Memories with
ALD High-K Dielectrics: Electrical Characterization and Analytical Modeling and Advanced
Multifunctional Corrosion Protective Coating Systems for Light-Weight Aircraft Alloys-Ac‐
tual Trends and Challenges

Finally, I could never forget that my leap in the field of thin-film science was guided by Dr.
R. Jagannathan and Professor R. Chandramohan. Our friendly collaboration has been going
on for years and it’s been very productive. I would like to thank all the authors in the book
for their valuable contributions. A few words at the last, I would like to express my sincere
gratitute to Ms. Andrea Koric, publishing process manager, for the effective support in the
construction of this book.

Assistant Professor Jagannathan Thirumalai
Department of Physics, Srinivasa Ramanujan Center, SASTRA University,

Tamil Nadu, India
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Introductory Chapter: The Prominence of Thin Film 
Science in Technological Scale

Jagannathan Thirumalai

Additional information is available at the end of the chapter

1. A succinct testimony of thin film science

Since antediluvian times, the term ‘thin film coating technology’ is more captivating towards 
mankind. More than 2000 eons ago, goldsmiths and silversmiths developed a variety of meth-
ods, including using mercury as an adhesive, to apply over thin films of metals to sculptures 
and other objects. The ancient mercury‐based processes like fire gilding and silvering tech-
niques were used for the surface coating of less precious substrates having thin layers made 
up of gold or silver. They developed the technology of thin‐film coating that is unrivalled by 
today’s process for manufacturing DVDs, electronic devices, solar cells and other relevant 
products and used it on statues, amulets, jewels and more common objects.

In reference to the technological aspect, these workmen over 2000 years ago manage to pro-
duce valuable metal coatings as thin and adherent as possible, which not only saved luxurious 
metals but also enriched resistance to wear that would cause from sustained usage and circu-
lation. In ancient days, the craftsmen were methodically organized these metals to construct 
functional as well as decorative artistic objects, without having any fundamental knowledge 
about the physico‐chemical processes. The mercury‐based techniques were also deceitfully 
used in ancient times to create objects such as coins and jewels that looked like they would be 
made of gold or silver but actually had a less precious core. Ingo et al. [1, 2] set forth to apply 
the modern analytical methods to reveal the ancients’ artistic secrets. By means of surface 
analytical methods, for example, selected area X‐ray photoelectron spectroscopy and scan-
ning electron microscopy combined with energy dispersive X‐ray spectroscopy on Dark Ages 
objects such as St. Ambrogio's altar from 825 AD, they said that their discoveries endorse ‘the 
high level of proficiency achieved by the craftsmen and artists of these primordial periods 
who created objects of an imaginative qualities that would not be ameliorated in ancient times 
and have not yet been technologically advanced in modern ones’.

A widespread responsiveness has found on thin film studies in many advanced new areas of 
research in the combination of chemical, physical and mechanical sciences, which are based 
on prodigies with unique features of the thickness, structure, geometry of the film, etc. [3]. 
Whereas bearing in mind, a thin film matter contains two surfaces that are as close to each other 

© 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.



that they could have a conclusive impact on the internal physical properties and methods of 
the substance, which would differ, therefore, in a reflective way from that of a bulk material. 
A new phenomenon is arisen due to the diminution in distance flanked by the surfaces and its 
mutual interaction. At this juncture, the one‐dimensional structure of the material is abridged 
to an order of numerous atomic layers, which generate an intermediary scheme sandwiched 
between macro‐molecular systems, thus it offers us a technique of studying the microphysical 
nature of different phenomena. Thin films are precisely suitable for applications in the field 
of microelectronics, opto‐electronics, integrated optics, etc. Nonetheless, the physical proper-
ties of the films such as electrical resistivity do not considerably vary from the characteristics 
of the bulk material. The thickness is from a few tenths of nanometre to a few micrometres.

Albeit the erudition of thin film prodigies dates well back over an epoch, it is actually only 
over the last four decades, which they have been effectively used to a substantial extent in 
practical situations. The usages of thin and thick films are almost authoritative to the complete 
prerequisite of micro miniaturization. The growth of the computer technology would lead 
to an obligation for very high density systems of storage and it is this which has enthused 
utmost of the research on the opto‐electronics, magnetic and optical properties of the thin 
films. Sundry thin film devices had been industrialized which might found themselves look-
ing for the applications or perhaps more prominently market.

A wide range of thin film materials, its fabrication techniques, deposition processing, spectro-
scopic and the optical characterization would probe which are adopted to create many novel 
devices. Thin film deposition is usually divided into two broad categories [3, 4].

• Physical deposition process

• Chemical deposition process

Widespread thin film techniques are summarized in the flowchart of Figure 1 [5, 53]. The 
films are often capable of producing films around 1 µm or less and the thick films are natu-
rally in the range of 1–20 µm, the range of resistivities are 10 Ω/square to 10 MΩ/square, there 
are significant possibilities for building multi‐layer structures. Though there are definite tech-
niques that are only accomplished of producing thick films and these might include screen 
printing, electrophoretic deposition, flame spraying, glazing and painting.

Physical and chemical depositions are the two techniques that are used to create a very thin 
layer of material into a substrate. They are used greatly in the production of semiconductors 
where the very thin layers of p‐type and n‐type materials would create the necessary junctions. 
Physical deposition refers to a widespread range of technologies in that a material is released 
from the source and which would deposited on a substrate using mechanical, electromechan-
ical or the thermodynamic processes. The two most general techniques of physical vapour 
deposition (PVD) are evaporation and sputtering. Chemical deposition is stated as when a vola-
tile fluid precursor does a chemical change on a surface leaving a chemically deposited coating. 
When one tries to categorize deposition of films by chemical methods, one would find that they 
can be categorized into two classes. The first class is related to the chemical formation of the 
film from medium and typical methods included are chemical reduction plating, electroplat-
ing and vapour phase deposition. A second class is the formation of the respective film from 
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the precursor elements, e.g. iodization, gaseous iodization, sputtering ion beam implantation, 
thermal growth, CVD, MOCVD and vacuum evaporation that is used to produce the highest 
purity, reliable‐performance solid materials in the semiconductor industry nowadays.

Relationship between the structure and property of thin films is the characteristics of such 
devices and forms the basis of thin film technologies. For example, in PVD (physical vapour 
deposition), a pure source material is gasified through evaporation, the application of the 
high power electricity, laser ablation and other few techniques. The gasified material would 
then condense on the substrate material to form the desired layer. However, by CVD (chemi-
cal vapour deposition), the chemical reactions might depend on thermal effects, as in vapour 
phase deposition and also the thermal growth. However, in all of these cases (Figure 1), a 
definite chemical reaction is a requirement to obtain as the form of final film [5, 53].

2. Technological advancements in the science of thin films

Thin film technology could be applied to various substrate materials, for example ceram-
ics metals or polymers. The very common substrate materials are silicon, steel and glass. 
By appropriately cherry‐picking the deposition materials and the technology, properties of 

Figure 1. Flowchart illustrates the physical and chemical deposition process wide spread thin film techniques.
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the substrate material could be upgraded, enriched and tailor‐made to meet the exceptional 
desires of a specific application. Furthermore, currently, thin film technologies are accessible 
that could be applicable to either flat substrates or objects with multifaceted geometrical sil-
houettes. Highlighting on device miniaturization and the technological parameters of alter-
nate processes (such as thick film) are contributing to the expansion of the thin film industry 
and to the development of lower cost thin film equipment and processes. When the thin film 
is deposited, in many applications, it is obligatory to contour the film to a pre‐established pat-
tern. This is usually accomplished by lithography and etching. The construction device pro-
cess is accomplished by ultimate and packaging steps (such as assembly), which differ based 
on the type of device. Everyone owns a numerous astounding moments to have a high regard 
for the remarkable engage in regeneration of novel thin film devices, the consequence and the 
good organization of the assistance offered through thin film devices to extend our prospect, 
in addition to reward for its fascinated defects to make ourselves with recent technological 
illusions.

The well‐equipped novel thin film techniques have broad accessibility by means of ease 
procedure, sensitivity, selectivity, speed, accuracy and precision [6, 9, 34]. The novel appli-
cations of thin film devices have tendered innovative advancements in technology over few 
decades and these technological aspects were rapidly employed for cutting‐edge research 
mostly in all the field of science and technology. Table 1 presents the some major innova-
tive advancement in technology associated with the applications of thin films in a broad 
spectrum.

Thin‐film device fabrication technology has great advantages. Due to their characteristic 
features that they could be placed at virtually any wavelength in the broad region of trans-
parency of their respective materials simply by varying the thicknesses of their layers, and, 
once a design had been established, the time for the production is exceptionally of short 
duration. In addition, a large field of application of thin film systems is that they act as laser 
mirrors, anti‐reflex coatings and other optically active surface modifications. In the optical 
industry, they have been coated on substrates which would ensure the stable mechanical and 
other specific properties. Thin films could similarly be present in opto‐electronic, magnetic 
and electronic apparatuses which could only be factory‐made due to the specific physical 
properties of thin films which might vary considerably in reference to the bulk material. A 
significant example for this case is hard disk read heads due to the giant magnetoresistance 
effect (GMR). These are having the special properties with a combination of insulating and 
magnetic thin flms.

The technological achievements in modern thin film synthesis over the past decade subse-
quently lead to the utilization of outstanding properties and development of a wide range 
of applications in various engineering fields. As a result, the current activity in the thin‐film 
device fabrication technology has been correlated and to expand our prospects based on the 
new ideas in the field of nanotechnology, LEDs and displays, photovoltaics/solar cells, envi-
ronmental, biological science and so on. The current experimental standards for the assessment 
of environmental risk are the ones, which rely on the growth inhibition triggered by the chemi-
cal substance and would not include qualitative evaluation such as the process of enunciating 
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Field Application with examples

Engineering/
Processing

Tribology:

• Protective coatings to reduce wear [6, 7]

• Corrosion and erosion [8]

• Low friction coatings [9]

Self‐supporting coatings:

• Refractory metals for rocket nozzles [10]

• Crucibles [11]

• Pipes [12]

Others:

• Hard coatings for cutting tools [13]

• Surface passivation [14]

• Protection against high temperature corrosion [15]

• Decorative coatings [16]

• Catalyzing coatings [17]

Optics • Antireflex coatings (“multicoated optics”) [18]

• Highly reflecting coatings (laser mirrors) [19]

• Interference filters [20]

• Beam splitter and thin film polarizers [21]

• Integrated optics [22]

Optoelectronics • Photodetectors [23]

• Image transmission [24]

• Optical memories [25]

• LCD/TFT [26]

Electronics • Passive thin film elements [27] (resistors, condensers, interconnects)

• Active thin film elements [28] (transistors, diodes)

• Integrated circuits [29] (VLSI, very large‐scale integrated circuit)

• CCD (charge coupled device) [30]

Electricity 
(without 
semiconductors)

• Insulating/conducting films [31] e.g. for resistors, capacitors

• Piezoelectric devices [32]

Cryotechnics • Superconducting thin films, switches, memories [33]

• SQUIDS (superconducting quantum interference devices) [34]

Mechanics • ”Hard” layers (e.g. on drill bits) [35]

• Adhesion providers [36]

• Friction reduction [37]

Introductory Chapter: The Prominence of Thin Film Science in Technological Scale
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toxicity. Thus, it is figured out that this only evaluation is inadequate for building improve-
ment, which leads to ecological preservation and to deep circumvention against human health.

3. Conclusion

Persistent to the above discussion, thin film is not only well thought‐out a forerunner across the 
globe with highly novel scientific developments; however, facts also establish that it has been and 
would prolong to be imperious towards path‐breaking research against novel applications for the 
societal benefits. Amongst the major noteworthy developments in different fields of nanotechnol-
ogy, LEDs and displays, photovoltaics/solar cells, environmental, and medical diagnostics are 
the most important worldwide challenges so far. Progress must continue in the novel thin film 
techniques, which is used in the field of spectral imaging, time‐correlated single‐photon counting, 
kinetic chemical reaction rates, non‐invasive optical biopsy and visual implants. Thus, research on 
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Abstract

The goal of this chapter is to present three kind of thin films for the materials, done by
Chemical Bath Deposition technique, the materials are CdS, PbS and CuS. The characteri-
zation has been diversified, but consisting mainly X-ray Diffraction (XRD) giving hexago-
nal, cubic and amorphous structures of CdS, PbS and CuS respectively. The Raman
dispersion let to found the characteristics peaks of vibration, one for the CdS located on
300.7 cm−1, three for PbS and two more for the CuS. We use X-rays Photoelectron Spectros-
copy to formalize the chemical composition analysis, from this analysis we could to proof
the high purity of the chemical bath deposition method in the materials preparation. We
used UV-Vis Spectroscopy to determine simple optical responses, getting the biggest trans-
mittances of 72% for CdS, 45% for PbS, and 80% for CuS, and direct energy band gaps of
2.47 eV for CdS, 1.78 eV for CuS as ground and with thermic annealing 2.45 eV which is
believed result of amorphous to crystalline morphology changes, the indirect bandgap 0.94
eV is measured too. The AFM given information about the surface morphology and rough-
ness, Scanning Electron Microscopy (SEM) micrography shows the polycrystallinity nature
of the CuS including the smooth.

Keywords: thin films, semiconductors, solar cells, chalcogenides, CBD

1. Introduction

Lead sulfide (PbS) and cadmium sulfide (CdS) are two semiconductors studied since time ago,
their combined research has around one century and the direct band gap for PbS is around 0.37
eV at 300 K [1–10]. The PbS is mainly used as an infrared detector in various fields has been
used mainly as an infra-red detector in another diverse field [11–15]. On the other hand, the
CdS material shows a direct band gap between 2.42 and 2.53 eV [16–25]. The CdS material was
used as a pigment as well as for solar cells optical window; cadmium sulfide is a semiconductor
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II–VI type which is mainly useful in optoelectronic devices and some researchers reported that it
has low conductivity of 10.8 (Ω cm)−1.

Lead sulfide has a cubic crystallographic structure, while cadmium sulfide can be cubic or
hexagonal, basically. Here we also discuss some features of copper sulfide (CuS) semiconduc-
tor film. These materials are mostly found in amorphous nature with poor crystallinity tending
to nanocrystals. Some reports showed the possibility of converting CuS films into the chalco-
cite phase by mean copper atomic implanting; in reference [26] the authors reported an
indirect band gap of 1.28 eV for CuS. CuS is used in various applications such as ion sensitive
electrodes and photothermal conversion solar controllers [27, 28].

2. Synthesis of the thin films

CdS thin films were deposited on microscope glass substrates, immersed into a 100 ml beaker
containing a solution mixture of 31 ml of deionized water, 4 ml of 0.1 M cadmium nitrate
tetrahydrate (Cd(NO3)2 4H2O), 5ml of 0.5 M glycine (NH2CH2COOH), 2 ml of pH 11 buffer, 5
ml of 1 M thiourea ((NH2)2CS) and finally in the mixture solution of 60 ml of deionized water
was added in order to increase the reaction volume. The mix of solutions was placed in a
thermal reservoir maintained at 70°C for 10 min and a homogeneous CdS film with a direct
band gap of 2.47 eV was obtained.

PbS thin films were obtained by sequentially adding 5 ml of lead acetate (0.5 M) and 5 ml of
sodium hydroxide (2 M), 6 ml of thiourea (1 M) and 2 ml of triethanolamine (1 M) in mixture
solution and finally in the solution, 82 ml of ionized water is added. After stirring the mixture
solution, in order to homogenize the mixture, the reaction mixture was placed in a thermal
source at 70 °C for 5 min.

CuS thin films were deposited in glass substrates obtained from a solution by adding 2 ml of
dilute copper nitrate (0.1 M) into 31 ml of deionized water and then adding sequentially 2 ml of
barium hydroxide (0.01 M), 2 ml of triethanolamine (1 M), 4 ml of thiourea (1 M) and finally 19
ml of deionized water. The determined reaction time was 20 min. Using the process, we are
able to obtained CuS thin films of around 150 nm thickness, amorphous, weakly adhered and a
direct energy band gap of 1.26 eV [9].

Rigaku Ultima III diffractometer with micro-Raman X’Plora BXT40 at 2400T resolution was
used to collect the X-ray patterns. The chemical analysis was carried out using an XPS Perkin-
Elmer Phi-5000 model. Transmission spectra were obtained using an Ocean Optics USB4000-
UV-VIS spectrometer in the 280–850 nm wavelength range. The surface morphology of the
samples was studied by atomic force microscopy (AFM), using a JSPM-4210 scanning probe
microscope (JEOL Ltd.), SEM Zeiss SUPRA 40.

This section describes the chemical formulations used to obtain the selected thin films mate-
rials such as CdS, PbS and CuS. As can be observed, the used chemical compounds (pre-
cursors) are so easy to manipulate and the procedure just consists of adding the ordered
aqueous solutions sequentially, heating and waiting for the deposition time.

The following are the chemical formulations to obtain cadmium sulfide (CdS) thin films:
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1. 31 ml of H2O (deionized water)

2. 4 ml of Cd(NO3)2 4H2O, 0.1 M

3. 5 ml of glycine, (NH2CH2COOH), 0.1 M

4. 2 ml of buffer pH 11, [NH4OH/NH4Cl]

5. 5 ml of thiourea, NH2CSNH2, 1 M

6. 13 ml of H2O (water until complete 60 ml)

7. 10 min at 70°C

The following are the chemical formulations to obtain lead sulfide (PbS) thin films:

1. 5 ml of lead acetate, Pb (CH2COO)2, 0.5 M

2. 5 ml of sodium hydroxide (NaOH), 2 M

3. 6 ml of thiourea 1 M

4. 2 ml of triethanolamine (OHCH2CH2)3N, 1 M

5. 82 ml of H2O (water until complete 100 ml)

6. 5 min at 70°C and 5 min at 75°C

The following are the chemical formulations to obtain copper sulfide (CuS) thin films:

1. 31 ml of H2O (deionized water)

2. 2 ml of Cu(NO3), 0.1 M

3. 2 ml of Ba(OH)2, 0.01 M

4. 2 ml of triethanolamine (OHCH2CH2)3N, 1 M

5. 4 ml of thiourea 1 M

6. 19 ml of deionized H2O (water until complete 60 ml)

7. 20 min at 55°C

8. The obtained amorphous film was then thermal annealed at 180°C for 20 min

3. Results

The first characterizations to present are X-ray diffraction patterns for the thin films of mate-
rials (CdS, PbS and CuS) as ground and CuS thermal annealed (see Figure 1). Figure 1 shows
the precise labels for each film. CdS PDF # 02-0563, PbS PDF # 65-9496 and CuS amorphous.

The Raman dispersion characterizations were carried out using a laser with a wavelength of
532 nm. Figure 2 shows a typical Raman signal for CdS [29], the Raman spectrum is noisy, but
an adjustment was carried out in order to smooth.
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Figure 1. XRD patterns for the synthesized CdS, PbS and CuS films, including a CuS film with thermal annealing.

Figure 2. Raman spectrum for CdS thin film prepared by chemical bath deposition at 70°C for 10 min.

Thin Film Processes - Artifacts on Surface Phenomena and Technological Facets18



Figure 1. XRD patterns for the synthesized CdS, PbS and CuS films, including a CuS film with thermal annealing.

Figure 2. Raman spectrum for CdS thin film prepared by chemical bath deposition at 70°C for 10 min.

Thin Film Processes - Artifacts on Surface Phenomena and Technological Facets18

For the PbS thin film, the Raman spectrum shows three more intense signals, located in 201.6,
319.9 and 449.07 cm−1 (see Figure 3). Also a laser of 532 nm wavelength was used to obtain the
Raman spectrum.

Figure 3. Raman spectrum for PbS thin film prepared by chemical bath deposition at 75°C for 5 min.

Figure 4. Raman spectrum for CuS thin film prepared by chemical bath deposition at 55°C for 20 min.
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XPS

Label CdS PbS CuS

Energy level eV Energy level eV Energy level eV

a Cd MNN (Auger) 882.32 O KLL (Auger) 749.31 Cu 2p1 954.6

b O KLL (Auger) 745.42 Pb 4p3 647.66 Cu 2p3 933.15

c Cd 3p1 655.44 O 1s 536.17 O KLL (Auger) 743.58

d Cd 3p3 620.19 Pb 4d3 438.41 O 1s 532.28

e O 1s 534.11 Pb 4d5 416.89 – 416.89

f Cd 3d3 414.83 C 1s 287.77 Cu LMM (Auger) 336.53

g Cd 3d5 407.05 S 2p3 164.6 C 1s 285.71

h C 1s 285.71 Pb 4f5 146.97 Cl 2s 264.19

i S 2s 227.1 Pb 4f7 139.19 S 2p 225.045

j S 2p 164.6 Pb 5d5 23.58 Si 2s 199.63

k Cd 4d5 13.96 – Cu 3s 162.54

l – – Si 2p 123.39

m – – Cu 3p3 76.46

Table 1. Main chemical composition for three thin films elaborated by chemical bath deposition and their binding
energies.

Figure 5. XPS spectra for our three compounds, PbS, CdS and CuS thin films. These plots confirm the chemical compo-
sition the obtained materials.
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Raman spectrum for as ground CuS thin film (see Figure 4) shows two well-defined signals or
dispersions at 263.5 and 471 cm−1.

The next characterization is carried out by X-ray photoelectron spectroscopy; at this stage, it is
possible to determine the chemical composition for the grown materials: CdS thin film, PbS

Figure 6. Optical absorption responses for the indicated thin films of CdS, PbS and CuS as ground and CuS thermal
annealed.

Figure 7. The linear adjustment for the projected CdS thin film with a direct band gap of 2.47 eV.
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Figure 8. Absorption coefficient and light penetration deep for the CdS, this graph can be used as a design tool to
determine the thickness for the CdS layer for solar cells.

Figure 9. Band gap compute showing the region where is present the absorption edge for CuS as ground.
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thin film and as ground CuS thin film and annealed CuS thin film (as with thermal annealing
as without thermal annealing). The energetic levels located in each one of the thin films are
shown in Table 1 and Figure 5. Table 1 also presents the name of each chemical compound
and its location.

Figure 10. Band gap compute showing the region where is present the absorption edge for the CuS with thermic
annealing.

Figure 11. Indirect band gap compute for CuS as ground.
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Table 1 shows 11 peaks identified for the CdS, 10 for PbS and 13 for the CuS. All these peaks
confirm the high purity of the material preparation.

On the other hand, Figure 6 depicts the absorption responses for one CdS, one PbS and two
CuS thin films. The CuS thin films correspond one to as ground film and other with thermal
annealing. Reaction conditions are as follows: for CdS: reaction temperature 70°C and reaction
time, 10 min; for PbS: reaction temperature 75°C and reaction time 5 min; and for as ground
CuS: reaction temperature 55°C and reaction time 20 min, while a replicate of CuS has been
thermal annealed to 180°C for 20 min.

Figure 12. Images (a) and (b) show the surface profile corresponding to CdS thin film elaborated, (c) and (d) images show
the corresponding PbS and (e) and (f) images show for CuS films [18].
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Figure 7 shows the graphical calculation procedure which determines the optical direct band
gap and this procedure is typically denominated by Tauc procedure. The intercept had a value
of −3.67123 (a.u.), while the slope was 1.48674 (a.u./eV)

A very interesting and useful analysis is the corresponding to comparison between the absorp-
tion coefficient (cm−1) and the light penetration deep (nm), see Figure 8. The relationships
among them are basically multiplicative inverses; for example, we choose the wavelength
value of 595 nm and from there, the values for the absorption coefficient (α) and light penetra-
tion deep (Lpd) are 4 × 104 cm−1 and 2.5 × 102 nm, respectively. This curve is important because
is a good tool to solar cell designs. In this curve is possible chose the thickness to satisfy a
quantity of absorption and penetration length deep.

As shown in Figure 9–Figure 11, the direct band gap value is computed for the CuS thin films
obtained by chemical bath deposition, in the curve seen in Figure 9, the direct band gap is 1.78
eV for the CuS as ground, in Figure 10, the band gap is 2.74 eV for CuS which is subjected at
thermal annealing. The indirect band gap of 0.94 eV for CuS is shown in Figure 11.

Figure 12 depicts the surface morphology of three sulfides CdS, PbS and CuS realized by AFM
on square areas of 2.0 × 2.0 μm2 and 498 × 498 μm2. (a) Image shows a top view for the CdS
thin film, (b) image shows a perspective view corresponding to CdS material; (c) and (d)
images show the PbS thin films and finally, the top and perspective views of the CuS thin film
are shown in the images labeled (e) and (f). The cluster size of PbS is bigger than that of CdS,
which are at the same scale, while the cluster size for CuS only was appreciable for a higher
magnification; anyway, the higher profile heights were found for CuS films around six times
bigger than CdS.

Figure 13 depicts an SEM micrograph of PbS and the reference scale is 200 nm and the
superficial particles have a size of approximately 70 nm and are presented with less frequency.
The morphology of the rest of the thin film is of particles more little and tight.

Figure 13. SEMmicrograph of PbS thin film showing the superficial morphology for special conditions of 75°C for 5 min.
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4. Photoresponse

The CdS was a unique material that shows the interesting behavior with time. The response
should be instantaneously in a conductor however due to charge effects this is retarded in CdS
and it is a dielectric material therefore the response is similar to a capacitor, when the energy is
increased above of the band gap this exponential behavior is increased. Figure 14 shows the
behavior of the photoresponse at three different wavelengths, showing a greater need for
stabilization time at a wavelength close to the bandwidth.

The graph of resistance vs. temperature for the CuS thin films with thermal annealing deter-
mines the semiconductor behavior from the slope of the curve of Figure 15. This curve is nearly
linear and then it is possible fitting by a line. The minimal resistance is present at 112°C being
1047180 Ω. In this case, we can see that this curve is composed of three straight lines approx-
imately all of these of semiconductor behavior but with different slopes (see Figure 16) [29].

Figure 14. Response time for the CdS thin film synthetized by DBQ at 70°C for 10 min and studied at λ = 350.97, 498.9
and 510.02, respectively.

Figure 15. Linear fitting from the resistance vs. temperature of the CuS thin film with thermal annealing.
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Figure 17 shows the structure of a solar cell, where on a glass substrate covered by an ITO film
is deposited CdS by the aforementioned procedure the PbS is then deposited following the
formula of the section (Synthesis of the thin films) and finally are Deposited silver contacts to
measure the complete structure, the contacts are periodically separated by 1 cm as shown in
this figure.

The I–V curve in Figure 18 shows an on voltage that increase with the increase of the
measure area because each measure is realized considering first E1 respect to ITO, after that
E1 + E2 = E2 respect to ITO and so on. The measure result is shown in the curve I–V, which
indicates that when the slope increases the resistance decreases, increasing therefore with
current.

Figure 16. Nonlinear fitting from the resistance vs. temperature of the PbS thin film.

Figure 17. Three-dimensional solar cell structure showing details of front and rear contact arrangement.
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5. Conclusions

The main conclusion establishes that the chemical bath deposition technique is a simple and
low-cost process and that it is used to obtain thin films of CdS, PbS and CuS with very good
homogeneity, pure enough and low cost, which can be used in wide range of applications.

CdS thin films obtained using glycine as a complexing agent presented hexagonal polycrystal-
line structure. The method used for PbS thin films in this work also produced a polycrystalline
film but with cubic geometry. The CuS thin film was an amorphous material and weakly
adhered to the substrate.

Their optical responses in the UV-vis range are according with some reported values. Some
electrical and thermal tests were used on the obtained materials, In order to future applica-
tions.
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Figure 18. I–V response for the example structure.
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Abstract

Spin coating process with a modified spin coater is performed well, especially the second 
generation of modified spin coater, which has a maximum value of 18,000 rpm, is able for 
manufacturing/coating photonic crystal‐based ferroelectric thin films that require a high 
angular velocity (rpm). Ferroelectric thin films that use both 3000 and 6000 rpm have given 
good results in energy gap, electrical conductivity, etc. In addition, the modified spin 
coater has also produced several applications such as sensors in the device of blood sugar 
level noninvasively, sensors in the automatic drying system, sensors in the robotic system, 
and photovoltaic cells in the system of solar cells/panels which are being developed at 
present. These applications used ferroelectric material such as barium strontium titanate 
(BST), lithium niobate (LiNbO3), cuprous oxide (CuO), and lithium tantalate (LiTaO3).

Keywords: modified spin coating, ferroelectric thin films, sensors, solar cells

1. Introduction

Thin film technology is one of the pillars of the current smart material technology due to its 
material and cost efficiencies. Industrial applications of thin films include electronic semi‐
conductors (especially solar cells), optical coatings, and sensors due to their dielectric con‐
stant, dielectric loss, pyroelectric coefficient, and dielectric tunability properties. Ferroelectric 
thin films such as barium strontium titanate, lithium tantalate, and lithium niobate can be 
manufactured by using CSD method and then performed by the spin coating process [1]. 
CSD method is one of the methods to create/develop thin films [2–12], which has advantages 
including the ability to control the film stoichiometry with good quality, easy procedure, 
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require relatively low cost, and generate a good crystalline phase [13–15]. In addition, thin 
films can also be fabricated by other methods such as metal organic chemical vapor deposi‐
tion (MOCVD) [16–18], chemical vapor deposition [19], sol‐gel [20–23], atomic layer deposi‐
tion (ALD) [24], metal organic decomposition (MOD) [25], pulsed laser ablation deposition 
(PLAD) [26, 27], and RF sputtering [2, 21, 28].

Spin coating is a method for coating and fabricating uniform thin films by rotating substrate 
and solution of thin films with a certain angular velocity. Purwanto and Prajitno [29] stated 
that spin coating is a method to deposit a thin film by spreading the solution onto a substrate 
by utilizing the centripetal force, the substrate is rotated at a constant velocity and then thin 
film precipitate is obtained on the substrate. Spin coating process has several advantages: 
namely, it is a simple method that can be done at room temperature, and low cost, yet effec‐
tive enough for manufacturing thin films [30]. Coating technique with spin coating method is 
the best technique used to produce thin films with uniform thickness ranging from 0.3 to 5.0 
μm on the substrate surfaces that are relatively small [31, 32]. The film thickness is determined 
by the flow rate and plating time [33]. A simple process of spin coating can be seen in Figure 1.

Figure 1. Simple process of spin coating [20, 21].
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2. First generation of modified spin coater

Proper design of the modified spin coating can reduce cost in the international market because 
its components can be purchased in Indonesia and adequate for our laboratory‐scale research. 
A schematic design of portable spin coating type 2004 can be seen in Figure 2. This device can 
be carried easily because it is very light and small as well as better than the traditional one in 
operational and production costs as well as in efficiency. For generating or rotating the disk in a 
spin coating, the step‐down transformer of 1 A is required with the output voltages based on the 
digital system. The output voltages of 7, 9, and 12 V are connected to the potentiometer, diode, 
and capacitor which resulting in the spin coating rotation of 3480, 4380, and 5840 rpms, respec‐
tively. The accuration test of the rotational velocity can be conducted by using a stroboscope.

The work mechanism of the device is as follows: the solution of thin films is dripped on a 
substrate which has been placed on the spin coating device. Then, the attached solution on a 
substrate is rotated at the desired rpm velocity. The voltage source used in the device is 220 
V AC with current of 1 A, which is obtained through the step‐down transformer. The output 
voltage of 7, 9 or 12 V can be selected via potentiometer setting. A diode serves to rectify the 
AC current into DC and then the electrical charges stored in a capacitor. The rotations are 
about 3480, 4380, and 5840 rpms.

The modified spin coating device (Figure 2), which its patent has been registered in Indonesia 
with a number of P00201201122 in 2013, has a structural design that consists of four components.

Figure 2. Design of portable spin coating‐type 2004.
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2.1. Current source

A current source of 220 V AC is connected to the switch and fuse safety systems.

2.2. Step‐down transformer and potentiometer

A step‐down transformer of 1A with input voltages of 7, 9 and 12 V. These are a set based on 
the resistance that changes in the potentiometer.

2.3. Diode and capacitor

A rectifier diode of standard currents is used to deliver a DC current of 50 V into a capacitor 
of 2200 μF and 50 V. The capacitor serves to store the charges and acts as a charge source for 
powering the disk spinner.

2.4. Disk of spin coating

The aluminum spinner device with a radius of 4 cm and thickness of 0.2 cm is used to rotate the 
substrate that has been dripped by solution of thin films. To generate rotation, a rotator machine 
is used to achieve the desired rpm velocity. Figure 3 shows the exterior of the modified spin 
coating device. A disk spinner installed on a plastic container of PVC with a radius of 6 cm and 
thickness of 0.3 cm and a steel cantilever with a thickness of 2 cm and an area of 4 cm × 4 cm to 
stabilize the disk spinner. The electrical circuits are arranged in a container of 6.2 cm × 19 cm.

3. Second generation of the modified spin coater

Currently, the development of the spin coating device has started in which the angular veloc‐
ity of the device is increased up to 18,000 rpm. This is done because the manufacture of fer‐
roelectric‐based photonic crystals thin films requires a high‐angular velocity. There are five 
stages in the development of a high‐velocity spin coating device, namely designing, manu‐
facturing, testing, analyzing, and developing the device.

Figure 3. Exterior of the modified spin coating device.
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Figure 5. Program flowchart.
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3.1. Designing the device

In this stage, designing the workflow is conducted which is described in the block diagram 
and flowchart. The block diagram in Figure 4 illustrates the Arduino Uno as a data processing 
center that received input from infrared sensors, controlled by the buttons, and the output as 
a signal to adjust the angular velocity of a brushless motor as the driving component via the 
ESC motor driver and the LCD will show the magnitude of the angular velocity in rotation 
per minute (RPM). Figure 5 shows the program flowchart for a device that further will be 
integrated with the Arduino Uno.

3.2. Manufacturing the device

The schematic circuit diagram in Figure 6 describes the use of Arduino Uno, buttons, infrared 
sensor, ESC, brushless motor, and LCD. There are eight Arduino pins, six digital, and two 
analog pins, which are used for the data path. Pin 4–7 on Arduino connected to four buttons. 
In connecting the ESC to Arduino, pins that support the pulse width modulation (PWM) are 
needed, so pin 3 was used on the Arduino. Infrared sensors require attach interrupt function 
on the program of pin 2. Then, to connect Arduino to LCD, I2C interface used to conserve the 
use of pins on the Arduino. From the circuit scheme, A4 pin on the Arduino is connected to 
the SLC in the I2C interface and A5 pin on the Arduino is connected to the SDA in I2C inter‐
face. The brushless motor has only three wires and those are connected to the ESC.

The used voltage source is an adapter of 12 V and 5 A. Most of the voltage source used to 
drive a brushless motor and ESC by using a voltage of 12 V and current of 5 A. Arduino gets 
voltage from the same source, but also need a resistor of 20 Ω on Vin pin in order not to dam‐
age Arduino. While other components such as infrared sensors, I2C interface, and LCD can 
be run at a voltage of 5 V.

Figure 6. Circuit schematic.
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After making a circuit scheme, the program code is conducted in accordance with the device 
workflow diagram that has been made at the designing stage. When the device circuit and the 
program code are completely made, it is necessary to merge the process of the device circuit 
with the program code so that the device can work in accordance with the flowchart. The 
incorporation using an application that matches to the Arduino device is Arduino IDE 1.6.8. 
Interface of Arduino IDE 1.6.8 application is shown in Figure 7.

3.3. Testing the device

LCD displays the measurement of angular velocity and value rpm. As can be seen from Figure 8, 
the first line of LCD includes the word “Speed” that shows the measurement of the angular 
velocity in units of rpm. The second line of LCD is”Set’ that shows the rpm setting value that 
users want in units of rpm as well. Table 1 shows the measured voltages and currents between 
circuit blocks of the spin coater which explains that an infrared sensor will produce an output 
voltage of 4.92 V if detects black color and will produce an output voltage of 0.11 Vif detects 
another colors. Arduino circuit blocks will produce different output voltage according to the 
type of the use of the IC.

The next is the accuracy of angular velocity of the spin coater using tachometer type DT‐2234C+ 
as an angular velocity comparator (Figure 9). Angular velocities of the brushless motor are 
determined on the value from 1000 to 20,000 rpm.

Figure 7. Interface of Arduino IDE 1.6.8.

Figure 8. Test result.
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From the experimental data, the brushless motor is only capable of producing the minimum 
angular velocity of 4000 rpm and the maximum of 18,000 rpm with no load. In addition, 
angular velocity on the spin coater has an average difference of 82.67 rpm obtained from the 
tachometer. The data can be seen in Table 2 and Figure 10.

3.4. Development analysis

A function menu is added in the program of development. In this function, users can choose 
the mode of use, i.e., manual and automatic modes. In automatic mode, users need to set 

Circuit blocks Vin (V) Vout (V) I (mA)

ESC 12.01 ∼ 5000

Infrared sensor

Detects black color 4.92 4.92 3.3

Detects another colors 4.92 0.11 3.3

Arduino

Set of 0 rpm 11.07 0.21 0.11

Set of 4000 rpm 11.07 0.23 0.11

Set of 5000 rpm 11.07 0.24 0.11

Set of 6000 rpm 11.07 0.25 0.11

Set of 7000 rpm 11.07 0.25 0.11

Set of 8000 rpm 11.07 0.27 0.11

Set of 9000 rpm 11.07 0.28 0.11

Set of 10,000 rpm 11.07 0.29 0.11

Set of 11,000 rpm 11.07 0.3 0.11

Set of 12,000 rpm 11.07 0.33 0.11

Set of 13,000 rpm 11.07 0.35 0.11

Set of 14,000 rpm 11.07 0.41 0.11

Set of 15,000 rpm 11.07 0.51 0.11

Set of 16,000 rpm 11.07 0.53 0.11

Set of 17,000 rpm 11.07 0.58 0.11

Set of 18,000 rpm 11.07 0.6 0.11

LCD

Pin Vcc 4.91 – 3.3

Pin SDA 2.13 – 0.12

Pin SLC 2.58 – 0.01

Table 1. Measurements of voltage and current between circuit blocks.
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the number of repetitions (step), the length of timer (timer), and the angular velocity (rpm 
set). The number of repetitions is only for a substrate. When the timer is up it is necessary to 
notify such as a sound, hence the buzzer circuit is added as a component to produce a sound 
as shown in Figure 11(a). In addition, a button is also added, as shown in Figure 11(b), as a 
supporter of the functions that will be created. The added button is useful for stop the button 
when the spin coater is started. The development of block diagram shown in Figure 12 is not 
much different from the block diagram of before device development.

3.5. Development

The development of schematic circuit designing and flow of program are conducted in this 
stage. The developed schematic circuit shown in Figure 13 is not much different from previ‐
ous schematic, only different in add buzzer and button components. A buzzer and a button 
are connected directly to the Arduino via pins 9 and 8, respectively. Overall device develop‐
ment and its power supply can be seen in Figure 14.

A flow diagram in Figure 15 shows the flow of the program code. First, the user is prompted to 
select the mode to be used. The available modes are manual and automatic modes are shown 
in Figure 16. If users select the manual mode, it will display a condition before the device 
was developed. When choosing the automatic mode, the user is prompted to set the number 

Figure 9. Tachometer type DT‐2234C+
.
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of repetitions as shown in Figure 17, then adjust the angular velocity in rpm as shown in 
Figure 18, and set the length of time in seconds as shown in Figure 19. Once the setup process 
is complete, it will display a summary which is shown in Figure 20 and then confirm to save 
the setting on Electrical Erasable Programmable Read‐only Memory (EEPROM) on Arduino 

Angular velocity (rpm)

Set value Spin coater (infrared sensor) Tachometer

4000 4200 4200

5000 5280 5285

6000 6360 6342

7000 7380 7406

8000 8340 8470

9000 9540 9541

10,000 10,500 10,504

11,000 11,460 11,406

12,000 12,360 12,442

13,000 13,560 13,621

14,000 14,220 14,428

15,000 15,240 15,408

16,000 16,200 16,367

17,000 17,280 17,521

18,000 18,060 18,135

Table 2. The comparison results of angular velocity.

Figure 10. Angular velocity comparison.
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Figure 11. Buzzer (a) and button (b) component.

Figure 12. Development diagram.

Figure 13. Development circuit schematic.
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semipermanently which is not lost when the power supply is not connected as in Figure 21. 
The save settings will display words of”Saving Data” as shown in Figure 22, after the save pro‐
cess is completed it will display the words of”Data saved” as shown in Figure 23 and a buzzer 
will sound twice. If not saved then it will return to the setup process.

Once the data has been stored, the spin coater will begin the process of spin coating which 
displays some information such as repetition, duration, time remaining on the first line of 
the LCD, and the rpm setting value and measurement results of angular velocity on the sec‐
ond line of the LCD as in Figure 24. At each repetition process, the buzzer will sound once. 
If the spin coating process has been completed, it will display word of”Done” as shown in 
Figure 25 and a buzzer will sound three times, after that confirmation of the spin coating 
reprocess will be also displayed as in Figure 26.

The aim of this stage is to improve the device accuracy by conducting device reconfiguration. 
The device reconfiguration will change the measurement of angular velocity, then retest must 
be done for the accuracy of device. The testing method as well as the testing method before 
development is compared to tachometer‐type DT‐2234C+.

In the measurement of angular velocity of the brushless motor, the rpm setting value on a 
spin coater is determined which starts from 4000 to 18,000 rpm. The brushless motor only 
produces the minimum angular velocity of 4000 rpm and the maximum angular velocity of 
16,637 rpm under no‐load conditions. From data, the created spin coater has an accuracy rate 
of 98.9%. The results can be seen in Figure 27 and Table 3.

Figure 14. Overall device development and its power supply.
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Figure 15. Program flowchart of a spin coater in the automatic mode.
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Figure 16. Display of mode select.

Figure 17. Display of repetition setting.

Figure 18. Display of velocity setting.

Figure 19. Display of time setting.

Figure 20. Display of setting summary.

Figure 21. Display of set saving.
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Figure 16. Display of mode select.

Figure 17. Display of repetition setting.

Figure 18. Display of velocity setting.

Figure 19. Display of time setting.

Figure 20. Display of setting summary.

Figure 21. Display of set saving.
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Figure 22. Display of data saving.

Figure 23. Display of saved data.

Figure 24. Display of the spin coating process.

Figure 25. Display of the finished process.

Figure 26. Display of the spin coating reprocess.
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Figure 27. Comparison results of angular velocity after development.

Testing the angular velocity (RPM) Accuracy level of 
spin coater (%)

Set value Spin coater Tachometer

4000 3960 3916 99

5000 4980 4977 99.6

6000 5880 5887 98

7000 6960 6938 99.42

8000 7980 7998 99.75

9000 8940 9002 99.33

10,000 9960 9966 99.6

11,000 10,980 10,932 99.82

12,000 11,940 11,960 99.5

13,000 12,960 12,996 99.69

14,000 13,980 13,974 99.86

15,000 15,000 15,027 100

16,000 16,020 16,046 99.86

17,000 16,560 16,587 97.41

18,000 16,680 16,637 92.67

Mean 98.9

Table 3. Comparison data of angular velocity after development.
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4. Results and applications

This method has been developed in our laboratory to fabricate thin films, especially fer‐
roelectric thin films such as barium strontium titanate (BST), lithium tantalate (LiTaO3), 
lithium niobate (LiNbO3), and copper oxide (CuO) thin films. Specifically for BST ferroelec‐
tric thin films, its patent has been registered in Indonesia with a number of P00201201119 
in 2013.

BST thin films of the modified spin coating method resulting in a dielectric constant of 2–18 
and conductivity values of 1.6 × 10–6 to 2.4 × 10–9 S/cm at the voltages of 1–4 V [34]. In addition, 
the particle distribution size of BST 0.45 is 134.93 nm which is smaller than BST 0.25 which 
gives 186.26 nm, BST 0.35 gives a value of 467.86 nm, and BST 0.55 is 407.49 nm [34].

BST thin films have been developed in a number of applications such as temperature and light 
sensors that are applied into the automatic drying system [35], light sensors into the luxme‐
ter system [36] and sensors in the blood sugar level system, its patent has been registered in 
Indonesia with a number of P00201508327 in 2015.

In the automatic drying system [35], light sensors have 0.176 mV/lux, which is the best 
sensitivity. While the best temperature sensor has a value range of 30–109°C, a sensitivity 
of 0.862 mV/°C, a film resolution of 1°C, an accuracy level of 92.2%, and small hysteresis 
[35]. These sensors, which are then integrated into microcontroller, have been successfully 
conducted on an ATMega8535 microcontroller based on our automatized drying system 
model.

In the luxmeter system [36], Ba0,25Sr0,75TiO3 (BST) thin films have been deposited on a Si (100) 
p‐type substrate by a chemical solution deposition (CSD) method followed by the spin coating 
technique (at 3000 rpm rotational speed for 30 seconds). This BST has an electrical conductiv‐
ity of 2.79 × 10–7 to 5.3 × 10–7 S/cm, which are in the range of semiconductor materials. The I‐V 
measurement on the films which was carried out under dark and bright conditions results in 
convincing conclusion that the films are photodiodes. The maximum optical absorbance found 
for green light with a wavelength of around 550 nm.

The blood sugar level system also uses the modified spin coating method. The test results 
showed that the light intensity that was received by photodiode sensor, represented by the 
output voltage, will change in line with changes in the value of blood sugar levels, follows 
the equation y = 0.0014x2 − 0.6652x + 139.34. The coefficient of R2 = 0.9544 indicates that x has 
a major effect on y, so that it can be concluded that the photodiode sensor can work well as 
a sensor of blood sugar level instrument. Accuracy and precision of the instrument are 98.92 
and 97.41%, respectively.

BST thin films as solar cells enhanced by photonic crystals are currently being developed [37]. 
This enhancement needs higher angular velocity (>6000 rpm) than previous works in BST 
(3000 rpm). The second generation of modified spin coater is used for coating the thin films 
to fulfill the requirement. The optical characterization of BST (BaxSr1‐xTiO3) using a photonic 
crystal resulted in the average absorption percentages for mole fraction x = 0.25, 0.35, 0.45, 
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and 0.55 were 92.04, 83.55, 91.16, and 80.12%, respectively [37]. In addition, the BST thin film 
with the embedded photonic crystal exhibited a relatively significant enhancement on photon 
absorption, with increasing values of 3.96, 7.07, 3.04, and 13.33%, respectively.

Furthermore, BST thin films are worked both as sensors and solar cells can be applied to the 
more sophisticated fields such as temperature and light sensors in the satellite technology [38, 
39], photodiode in satellite technology [40], as well as solar cells for substituting conventional 
battery in satellite technology [41].

LiTaO3 thin films have also been developed by using the modified spin coating method as 
infrared sensors that are expected to be developed as an automatic switch in satellite technol‐
ogy [42]. These thin films have electrical conductivities of 10‐6–10–5 S/cm and the diffusion 
coefficient values   of 57–391 nm2/s [43] as well as the energy gaps of 3.41–4.56 eV [42] while 
the LiTaO3 thin films have energy gaps of 2.43–2.80 eV [44]. The LiNbO3 thin films that were 
enhanced by a lanthanum dopant also use a velocity of 3000 rpm and have the energy gaps 
of 2.43–2.80 eV [45].

In addition to BST, LiTaO3, and LiNbO3, we are also develop other thin films, i.e., CuO thin 
films. This film is also developed as solar cells. CuO thin films were enhanced by photonic 
crystals that have absorbance in the visible region and energy gaps of 1.89–2.05 eV [46].

5. Conclusion

The modified spin coaters both first and second generation have given very good results on 
ferroelectric films, which are BST, LiTaO3, LiNbO3, and CuO, as sensors and solar cells. In BST, 
the modified spin coater enhances the photon absorption percentages by using photonic crys‐
tals which need higher angular velocity (6000 rpm). Another ferroelectric thin film that use 
3000 rpm also have given good results in energy gap, electrical conductivity, etc. From these 
data, they were succeed to be applied in an instrument or a device such as a blood sugar level, 
automatic drying, and luxmeter systems. In addition, these thin films also have potential to be 
applied in more sophisticated fields such as photodiode in satellite technology, temperature, 
and light sensors in the satellite technology, as well as solar cells for substituting conventional 
battery in satellite technology.
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Abstract

ZnO nanocrystal (NC) films, prepared by electrochemical etching with varying the 
 technological routines, have been studied by means of photoluminescence (PL),  scanning 
electronic microscopy (SEM), energy dispersion spectroscopy (EDS), Raman scattering, 
and X ray diffraction (XRD) techniques. Raman and XRD studies have confirmed that 
annealing stimulates the ZnO oxidation and crystallization with the formation of wurtz-
ite ZnO NCs. The ZnO NC size decreases from 250–300 nm down to 40–60 nm with 
increasing the etching time. Two PL bands connected with the near‐band edge (NBE) 
and defect‐related emissions have been detected. Their intensity stimulation with NC 
size decreasing has been detected. The NBE emission enhancement is attributed to the 
week quantum confinement and exciton‐light coupling with polariton formation in 
small ZnO NCs. The luminescence, morphology, and crystal structure of ZnO:Cu NCs 
versus Cu concentration have been investigated as well. The types of Cu‐related com-
plexes are discussed using the correlation between the PL spectrum transformations and 
XRD parameters. It is shown that the plasmon generation in Cu nanoparticles leads to 
the surface enhanced Raman scattering (SERS) effect and to PL intensity increasing the 
defect‐related PL bands. The comparison of ZnO and ZnO:Cu NC emissions has been 
done and discussed.

Keywords: ZnO NCs, ZnO:Cu NCs, photoluminescence, XRD, weak quantum 
confinement

1. Introduction

Porous semiconductor materials stimulate the scientific interest owing to the possibility 
for designing the properties not known in the bulk crystals [1]. The enormous attention in 
the last decades has been devoted to porous silicon (PSi) that was investigated for variety 
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of  applications in electronics, as well as for chemical, biological, and medical sensing [1]. 
Recently, a great interest has been shown to the ZnO nanocrystals (NCs) obtained using elec-
trochemical technology, earlier elaborated for PSi [1–3].

The wide band gap semiconductor, such as zinc oxide, which has a direct energy band gap 
(3.37 eV) and a great exciton binding energy (60 meV) at 300 K, promises a lot of applications 
in optoelectronic devices [4–8]. Actually ZnO nanowalls and wires can be applied in white 
light‐emitting structures [5] and UV lasers [6]. ZnO nanoneedles demonstrate the field emis-
sion characteristics [7]. Field‐effect transistors on the base of ZnO nanorods were presented 
in Ref. [8]. ZnO nanostructures have provoked great attention recently owing to their per-
spectives for low voltage and short‐wavelength (368 nm) electro‐optical devices, as well as 
for protection films with high UV transparency, in different gas sensors and structures for 
spintronic devices [9], for a room temperature ferromagnetism, a huge magneto‐optic effect, 
and chemical sensing [5, 9, 10].

In addition, the ZnO NC structures are interesting for phosphor applications owing to the 
excellent emission in orange, yellow, green, and blue ranges of PL spectra. The high concen-
tration of radiative defects obtained in ZnO NC films permits to expect a wide spectrum of 
luminescence bands that is important for “white” light emitting structures [11–14]. However, 
the relations between the defects and structural properties of ZnO NCs (nanosheets, nanorods, 
etc.) are not clear yet.

For growing ZnO NCs, the following methods were used: thermal evaporation technique 
[15], sol‐gel deposition [16], metal organic chemical vapor deposition (MOCVD) [17], molecu-
lar beam epitaxy (MBE) [18], pulse laser preparation (PLD) [19], or spray pyrolysis [20]. All 
mentioned methods require very expensive equipment and do not produce ZnO NCs with 
bright PL bands that were demonstrated recently for the electrochemical technology [21, 22]. 
The anodization method permits to control the ZnO NC size by varying an electrolyte con-
tent, etching times, and voltages. Additionally, this method permits simple doping of ZnO 
NC films by different elements.

In this chapter, ZnO and ZnO:Cu NCs were created by the electrochemical method at varying 
etching times or etching voltages with film annealing at high temperature (400°C) in ambient 
air. Photoluminescence, scanning electronic microscopy (SEM), energy dispersion spectros-
copy (EDS), Raman scattering, and X‐ray diffraction (XRD) have been applied for the study of 
ZnO and ZnO:Cu NC films.

2. ZnO NC preparation and investigations

The electrochemical anodization of Zn foils was performed in an electrolyte using two Zn 
electrode systems with the distance between the electrodes being 10 mm. The electrolyte was 
a 1:10 volume mixture of HF acid (Aldrich) and deionized water. Ultrasonic cleaning of Zn 
foil pieces (Aldrich 99.99%) of 6 mm radius was performed in acetone and ethanol for 15 min 
before etching. To investigate the impact of etching times on ZnO NC parameters, the applied 
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voltage was 5 V and the varied times were 1, 3, 6, and 10 min. Then ZnO films were cleaned 
in deionized water and annealed at 400°C for 2 h in ambient air.

To investigate the influence of voltage, the etching time was kept at 6 min and the applied 
voltages varied as 1, 5, 10, 15, and 20 V. Obtained ZnO films were washed in deionized water 
and annealed at 400°C for 2 h in ambient air.

To investigate the effect of Cu doping on the structure and optical properties of ZnO:Cu NCs, 
and to compare it with those in ZnO NCs, the electrochemical anodization was performed 
with: (i) two Zn electrodes at the creation of ZnO NCs or (ii) cathode Zn and anode Cu elec-
trodes at the growth of ZnO:Cu NCs. Zn (Aldrich 99.99%) and Cu (Aldrich 99.99%) foils were 
used. At etching, the applied voltage was 5 V and the times used were 1, 3, or 6 min. Then the 
films were annealed at 400°C for 2 h in ambient air.

SEM and EDS studies were done in JSM7800F‐JEOL with an additional detector Apollo X 10 
mark EDAX. The XRD equipment XPERT MRD, with a pixel detector, three‐axis goniometry, 
a parallel collimator, and a resolution of 0.0001°, was applied to the crystal structure investi-
gation. The Cu source with Kα1 line λ = 1.5406 Å was used. XRD was performed for the angle 
range 20°–80° with a 0.05° step and a step duration of 10 s.

PL spectra, excited by a He‐Cd laser with a wavelength of 325 nm and a beam power of 80 mW, 
were measured at 10–300 K using a PL setup based on a spectrometer SPEX500 described in 
references [23, 24]. Raman scattering spectra were studied in Jobin‐Yvon LabRAM HR 800UV 
micro‐Raman system using an excitation by a solid‐state light‐emitting diode with a light 
wavelength of 785 nm [25, 26].

3. The etching time impact on parameters of ZnO NC films

3.1. SEM and XRD studies

Figure 1 presents the SEM images of ZnO NC films grown at different etching times after ther-
mal annealing. It is clear that the size of ZnO NCs decreases versus etching times (Figure 1d): 
from 200–360 nm (for 1 min) down to 30–60 nm (for 10 min).

XRD results are summarized in Figure 2. As‐grown ZnO films are characterized by the amor-
phous phase (Figure 2a) and the Zn substrate XRD peaks at the 2θ angles of 38.993, 43.233, 
and 70.058° have been seen (Figure 2a). These peaks owe to the diffraction from the (100), 
(101), and (103) crystal planes in the wurtzite Zn crystal lattice [27].

Thermal annealing at 400°C stimulates the ZnO oxidation and crystallization. A set of XRD 
peaks appears at the 2θ angles equaling to 31.770, 34.422, 36.253, 47.540, 56.604, and 62.865° 
after ZnO film annealing (Figure 2b and c). These XRD peaks correspond to the diffraction 
from the (100), (002), (101), (102), (110), and (103) crystal planes in the wurtzite ZnO crystal 
structure [27]. At first (1–6 min etching), the volume of crystalline ZnO phase enlarges that 
manifests itself in increasing the XRD peak intensities (Figure 2d). Then at higher etching time 
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(10 min), ZnO NC films are characterized by smaller XRD peak intensities (Figure 2d) owing 
to, apparently, the material dissolution at the high anodization duration and increasing the 
volume of pores in the films.

3.2. Raman scattering study

Raman scattering spectra of ZnO NC films are presented in Figure 3. Raman spectra of as‐
grown ZnO films do not demonstrate any Raman peaks (Figure 3a). The small Raman band 

Figure 1. SEM images of ZnO NCs after thermal annealing (a, b, c), obtained at the voltage of 5V and times of 1 min (a), 
6 min (b), and 10 min (c). Widths and lengths of annealed ZnO NCs (d) for the etching durations of 1 min (A), 6 min (B), 
and 10 min (C) [22].
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Figure 2. XRD results for as‐grown (a) and annealed (b, c) ZnO NCs obtained at etching durations of 1 (b) and 10 (a, c) 
min. Dependences (d) of (100) XRD peak intensity (1) and integrated PL intensity (2) for the PL band peaked at 3.1 eV in 
annealed films versus etching times [22].

Figure 3. Raman scattering spectra of as‐grown (a) and annealed (b) ZnO films obtained at etching times: 1 min (curve 
1), 6 min (curve 2), and 10 min (a) and (b), curve 3.
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in the range of 400–500 cm−1 is related to Raman scattering in the ZnO amorphous phase. The 
Raman study confirms that as‐grown ZnO films are characterized by an amorphous phase 
mainly and it is consistent with the XRD data.

Annealing at 400°C stimulates the ZnO crystallization and four peaks at 327, 379, 434, and 
549–556 cm−1 appear in Raman spectra (Table 1). The Raman peak intensity rises versus etch-
ing time owing to the volume enlargement of the crystalline ZnO phase (Figure 3b).

The group theory predicts for the wurzite ZnO crystal structure the Raman active phonons 
in Brillouin zone center as: A1 and E1 symmetry polar phonons with two frequencies for the 
transverse (TO) and longitudinal (LO) optic phonons, and E2 symmetry nonpolar phonon 
mode with two frequencies E2 (low) and E2 (high). E2 (low) and E2 (high) modes are attributed 
to oxygen and zinc sublattices, respectively, in ZnO [28, 29].

Raman peaks at 327 and 437 cm−1 are attributed, as a rule, to second‐order Raman peaks aris-
ing from the zone boundary phonons 3E2H‐E2L and E2H modes in ZnO NCs [30]. Raman peaks 
at 379 and 434 cm−1 can be attributed to the A1 (TO) and E2 (high) phonon modes in ZnO NCs 
(Table 1). The nature of the Raman peak at 549–556 cm −1 is not clear. Its variable position in 
different samples (Figure 3, curves 2 and 3) and the location between TO and LO optic pho-
nons permit to assign this Raman peak to the surface phonon (SP). The SP frequency (  ω  SP   ) in 
ZnO NCs can be calculated using the formula [30, 31]:

   ω  SP   =  ω  TO       √ 
__________

   
 ε  0   l +  ε  M  (l + 1 )

 __________  ε  ∞   l +  ε  M  (l + 1 )     , (1)

where   ω  TO       is a frequincy of TO phonon, ε0 and ε∞ are the static and high‐frequency dielectric 
constants in a bulk ZnO crystal, εM is a static dielectric constant of surrounding medium (air). 
Assuming εM = 1 for air in pores of ZnO NCs and using ε0 and ε∞ equal to 8.36 [32] and 3.77 
[32], respectively, the SP frequency of 550 cm−1 for the lowest (l = 1) mode has been estimated 
that is in a good agreement with detected values of 549–556 cm−1 (Table 1).

3.3. ZnO NC emission study

PL spectra of ZnO films obtained at different etching times in as‐grown states are shown in 
Figure 4. PL spectra are presented as the superposition of three PL bands centered at 1.90–
2.03, 2.49–2.51, and 2.80–2.85 eV (Figure 4, curves a, b, and c), which are attributed to the 
defect‐related emission in an amorphous ZnO films. The PL intensity of the above‐mentioned 
peaks increases with increasing anodization duration up to 6 min due to increasing the vol-
ume of ZnO amorphous phase. In samples prepared at 10 min (Figure 4, curve 3), the PL 

Samples E2(low)

cm-1

3E2H-E2L

cm-1

A1(TO)

cm-1

E1(TO)

cm-1

E2(high)

cm-1

SP

cm-1

A1(LO)

cm-1

E1(LO)

cm-1

Bulk ZnO 
[29] and 
ZnO NCs

102 327 379 410 434–439 549–556 574 591

Table 1. Raman peaks in ZnO crystals.
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constants in a bulk ZnO crystal, εM is a static dielectric constant of surrounding medium (air). 
Assuming εM = 1 for air in pores of ZnO NCs and using ε0 and ε∞ equal to 8.36 [32] and 3.77 
[32], respectively, the SP frequency of 550 cm−1 for the lowest (l = 1) mode has been estimated 
that is in a good agreement with detected values of 549–556 cm−1 (Table 1).

3.3. ZnO NC emission study

PL spectra of ZnO films obtained at different etching times in as‐grown states are shown in 
Figure 4. PL spectra are presented as the superposition of three PL bands centered at 1.90–
2.03, 2.49–2.51, and 2.80–2.85 eV (Figure 4, curves a, b, and c), which are attributed to the 
defect‐related emission in an amorphous ZnO films. The PL intensity of the above‐mentioned 
peaks increases with increasing anodization duration up to 6 min due to increasing the vol-
ume of ZnO amorphous phase. In samples prepared at 10 min (Figure 4, curve 3), the PL 

Samples E2(low)

cm-1

3E2H-E2L

cm-1

A1(TO)

cm-1

E1(TO)

cm-1

E2(high)

cm-1

SP

cm-1

A1(LO)

cm-1

E1(LO)

cm-1

Bulk ZnO 
[29] and 
ZnO NCs

102 327 379 410 434–439 549–556 574 591

Table 1. Raman peaks in ZnO crystals.
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intensity of the mentioned PL peaks decreases owing to decreasing the ZnO NC volume that 
is consistent with the XRD data (Figure 2).

Annealing at 400°C stimulates the ZnO crystallization, which is accompanied by the PL spec-
trum transformation (Figure 5). PL spectra of ZnO NCs are complex as well (Figure 5, curves 
1, 2, and 3) and can be represented by a set of elementary PL bands (Figure 5, curves a, b, and 
c) with the peaks at 2.06–2.10, 2.52, and 3.10 eV. The defect‐related PL band with the peak at 
2.80 eV disappeared completely at the ZnO oxidation and crystallization, and the new PL 
band at 3.10 eV appeared in PL spectra of ZnO NCs. PL intensities of the mentioned PL bands 
(Figure 5) vary as XRD peak intensity changes, which is related to the changing crystalline 
ZnO volume versus anodization times (Figure 2d).

Figure 4. PL spectra of as‐grown ZnO NCs obtained at durations of 1 (1), 6 (2), and 10 (3) min. Dashed curves represent 
the deconvolution result on elementary PL bands (a, b, c).

Figure 5. PL spectra of annealed ZnO NCs obtained at durations of 1 (1), 6 (2), and 10 (3) min. Dashed curves represent 
the deconvolution on elementary PL bands (a, b, c) [22].
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The bulk ZnO crystals are characterized by the variety of luminescence bands in UV and 
visible spectral ranges [33, 34]. The origin of these emissions has not been conclusively estab-
lished, and a number of hypotheses have been proposed for each emission band. NBE band at 
3.1 eV is attributed to the optical transition between the shallow donor and valence band, to 
the phonon replicas of bound exciton, or free exciton (FE) emissions [34, 35]. The high inten-
sity of NBE emission at 300 K and a small band half width in ZnO NCs permits to attribute 
the 3.1 eV PL band to a LO phonon replica of free exciton.

The blue PL band with the peak at 2.80 eV, which disappeared completely after the oxidation 
at annealing in ambient air, can be assigned to emission via the native defects in ZnO films 
[36, 37]. The defect‐related green PL band in the range 2.40–2.50 eV is assigned to oxygen 
vacancies [36], Cu impurities [38], or surface defects [39] in ZnO. The PL intensity of 2.49–2.52 
eV PL band does not change in the processes of oxidation and crystallization (Figure 5) that 
permits to assign this PL to some surface defects.

The PL band centered at 2.00–2.10 eV was assigned earlier to interstitial oxygen atoms (2.02 
eV) [40] or hydroxyl groups (2.10 eV) [41, 42]. The PL intensity of 2.06–2.10 eV PL band 
increases at ZnO oxidation (Figure 5) and the assumption that corresponding defects are 
related to oxygen interstitials looks very reliable.

It is essential that ZnO NCs obtained by other methods, such as Zn powder thermal evapora-
tion [43], sol‐gel ZnO films [44], or MOCVD growth ZnO films [45], do not permit to obtain 
great variety of PL bands that have been demonstrated in the studied ZnO NCs.

4. Anodization voltage impact on the structure and emission of ZnO NC 
films

4.1. XRD and SEM study

The XRD study has shown that as‐grown ZnO films are characterized by Zn substrate‐related 
XRD peaks with highest XRD peak intensities at the angles 2θ equal to 38.993, 43.233, and 
70.058° (Figure 6a). These peaks correspond to the diffraction from the (100), (101), and (103) 
crystal planes, respectively, in the hexagonal Zn crystal lattice with the lattice parameters of a 
= 2.6650 Å and c = 4.9470 Å [27]. Annealing at 400°C stimulates the crystallization of ZnO NCs 
and a set of XRD peaks appear at the angles 2θ equal to 31.770, 34.422, 36.253, 47.540, 56.604, 
and 62.865° (Figure 6b). These XRD peaks correspond to the X‐ray diffraction from the (100), 
(002), (101), (102), (110), and (103) crystal planes in the wurtzite ZnO crystal structure [27].

The volume of crystalline ZnO phase enlarges versus anodization voltages up to 15 V that 
manifests itself by increasing the XRD peak intensities. However, ZnO NCs obtained at the 
voltage of 20 V are characterized by smaller intensity of XRD peaks that, apparently, connects 
with the ZnO dissolution in an electrolyte at higher anodization voltages and increases the 
volume of the pores.

SEM images after thermal annealing of ZnO NCs, obtained at voltages of 1, 5, and 15 V, are 
presented in Figure 7(a)–(c). The dimension of ZnO NCs does not change essentially versus 
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voltages at the anodization (Figure 7d). The sizes estimated from SEM images vary in the 
range 45–60 nm up to 85–105 nm. Anodization voltage increase leads to a raise in the thick-
ness of ZnO NC layers mainly.

4.2. Emission study of ZnO NCs

PL spectra of ZnO NCs prep ared at different anodization voltages and annealed at 400°C are 
complex and can be presented as a set of PL bands. The deconvolution procedure permits to 
obtain the PL bands centered at: 3.18, 3.02, 2.94, 2.55, and 1.98 eV (Figure 8).

Elementary PL bands with the peaks at 2.55 and 1.98 eV were attributed earlier to the 
defect‐related emissions in ZnO NCs [33–36]. The intensity of defect‐related PL bands 
enlarges with increase in the anodization voltages due to increase in the volume of ZnO 
NC layers. The high energy PL bands (3.18, 3.02, and 2.94 eV) were assigned to NBE emis-
sion in ZnO [31].

PL spectra of ZnO NCs measured in the temperature range 10–300 K are presented in 
Figure 9. The intensities of defect‐related PL bands (1.98 and 2.55 eV) decrease significantly 
in this temperature range. Integrated PL intensities versus temperature have been presented 
in Arrhenius coordinates in Figures 10 and 11 with the aim to estimate the activation energies 
of PL thermal decays.

Figure 6. XRD results for as‐grown film (a) and annealed (b) ZnO NCs prepared at etching voltage 15 V and etching 
time 6 min [24].
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Figure 7. SEM images of annealed ZnO NCs obtained at anodization voltages 1 (a), 5 (b), and 15 V(c) for etching time 6 
min. Widths and lengths of annealed ZnO NCs (d) obtained at different etching voltages of 10, 15, and 20 V [24].

Figure 8. PL spectra of ZnO NCs prepared at voltages: 1 (1), 15 (2), and 20 (3) V.
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Figure 8. PL spectra of ZnO NCs prepared at voltages: 1 (1), 15 (2), and 20 (3) V.
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Figure 9. PL spectra of ZnO NCs obtained at 15 V and measured at 10–300 K with the step of 30 K.

Figure 10. Dependences of integrated PL intensities versus temperature presented in Arrhenius coordinates for defect‐
related PL bands.

Figure 11. Dependences of integrated PL intensities versus temperature presented in Arrhenius coordinates for NBE 
emission bands.
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PL thermal decays in the range 10–150 K for all PL bands realize with the same activation 
energy (8.6–8.8 meV) due to the activation, apparently, of some nonradiative recombination 
centers. Thermal quenching of all PL bands starts at higher temperatures (150–300 K). The 2.94 
and 3.06 eV PL bands, which demonstrate the PL thermal decay with the activation energy of 
18meV, are related, apparently, to the LO phonon replicas of bond‐exciton emission. The 3.18 
eV PL band, with highest PL decay activation energy (50 meV), is connected, probably, with 
the LO phonon replicas of FE emission.

5. Size‐dependent effects in emission of ZnO NC films

The impact of NC sizes on PL spectra has been studied using ZnO NCs prepared at a voltage 
of 5 V, times: 1 (1), 3 (2), 6 (3), and 10 (4) min and annealed at 400°C. These ZnO NCs have 
been discussed in Section 3 and their sizes are summarized in Table 2. PL spectra of these 
ZnO NCs are a superposition of PL bands with the peaks at 2.05, 2.45, and 3.11 eV (Figure 12, 
dashed lines).

Figure 13 shows the variation of NBE emission in ZnO NCs of different sizes. The 3.10 eV PL 
band at 300 K belongs to the FE phonon‐assisted replica in ZnO NCs [21, 22]. The deconvolu-
tion procedure has been applied to PL spectra and its result is presented by dashed curves in 
Figure 13. PL bands centered at 3.010, 3.082, 3.154, and 3.226 eV were chosen for the deconvo-
lution, which can be attributed to the LO phonon replicas (FE‐5LO, −4LO, −3LO, and −2LO) 
of A exciton (3.373 eV). The energy difference between these PL transitions is close to some 
numbers of LO phonons (72 meV) in ZnO [46].

Integrated PL intensities of 2.45, 3.010, 3.082, 3.154, and 3.226 eV PL bands increase signifi-
cantly with diminishing the ZnO NC size and with enlarging the surface‐to‐volume ratio 
(Figure 14a and b).

Additionally, the main PL peak of NBE emission shifts to higher energy owing to the PL 
intensity enlargement of 3LO and 2LO phonon replicas mainly (Figure 13). Note that PL spec-
tra of ZnO NCs, typically, do not reveal any FE peaks or phonon replicas owing to poor mate-
rial quality and high concentrations of structural defects.

Sample numbers Average NC  
width (nm)

Average NC  
length (nm)

Lattice parameter, 
“a” (Å)

Lattice parameter, 
“c” (Å)

Porosity, c0 (%)

Bulk ZnO [27] 3.2495 5.2069

1 308 600 3.2504 5.2071 25

2 253 459 3.2534 5.2119 28

3 170 316 3.2564 5.2167 37

4 67 131 3.2584 5.2199 50

Table 2. The size of ZnO NCs from SEM images and hexagonal crystal lattice parameters estimated from XRD data.
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The defect‐related green PL band, detected traditionally in the spectral range of 2.40–2.50 
eV in ZnO, has been assigned to the oxygen vacancies [36], Cu impurities [38], or surface 
defects [22, 39]. In our experiments, the intensity of 2.45 eV PL band increases significantly 
(Figure 14a) in PL spectra at decreasing the ZnO NC size and increasing the surface‐to‐vol-
ume ratio in NCs. Thus, it can be supposed that emission centers, responsible for the 2.45 eV 
PL band, relate to the surface defects and their concentration enlarges with increasing the 
surface‐to‐volume ration in ZnO NCs.

5.1. NBE intensity stimulation at ZnO NC size decreasing

The intensity of 3.082–3.226 eV PL bands, related to FE phonon‐assisted replicas, increases 
significantly with decreasing the ZnO NC size (Figure 14b). Since the process of reduction 
in size is accompanied by increasing the interplanar distances in ZnO NCs (Table 2), the 
FE‐related PL bands have to shift to lower energy in small NCs (4). But the main PL peak of 
NBE emission shifts to high energy (Figure 13) from 3.08 eV (1) to 3.14 eV (4). It means that 
some other physical mechanism is responsible for the PL intensity enlargement and spectral 
transformation of NBE emission band.

The PL intensity WPL of ZnO NCs can be represented by the formula [47]:

   W  PL      =  I  0    (1 − R )   2 (1 −  c  0   ) [ 1 − exp (− αd ) ]η  (2)

where I0 is the excitation light intensity, d is the ZnO NC layer thickness, R and α are the 
reflection and absorption coefficients, and η is the internal quantum emission efficiency that  
is (  η       =   

 τ  R  −1 
 ______  τ  R  −1  +  τ  NR  −1     ), τR and τNR are radiative and nonradiative recombination times, respectively,  

Figure 12. Normalized PL spectra of ZnO NCs obtained at times of 1 (1), 3 (2), 6 (3), and 10 (4) min. Dashed curves 
present the deconvolution of the PL spectrum (4) [26].
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and c0 is the porosity of ZnO layers (Table 2). At high porosity, the ZnO volume, which 
absorbs the excitation light, decreases.

Let us consider the coefficients of relative varying the integrated PL intensities in the studied 
structures, in comparison with the structure 1, at permanent parameters of the excitation light 
intensity (I0) and R coefficient. Actually, the excitation intensity I0 was the same in our experi-
ments and the reflection coefficient decreases a little versus NC sizes in the range 60–600 nm. 
The relation of PL intensities can be presented as:

   K  ex   =   
 W  PL  #i  

 ____  W  PL  #1     =   
(1 −  c  oi   ) _____ (1 −  c  o1   )

     
[ 1 − exp (− α  d  i   ) ] η  i    _____________  [ 1 − exp (− α  d  1   ) ] η  1  

    (3)

Figure 13. NBE emission bands in annealed ZnO NCs obtained at the durations of 1 (1), 3 (2), 6 (3), and 10 min (4). 
Dashed curves present the deconvolution of PL spectra on LO phonon‐assisted PL bands [26].
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The values of Kex parameters are summarized in Table 3. Some rising in exciton PL intensity 
in ZnO NCs at the NC size variation from 308 × 600 nm (1) down to 253 × 459 nm (2) can be 
explained by increasing the NC layer thickness and excitation light absorption. However, 
the PL intensities of all PL bands enlarge significantly (Figure 14, Table 3) when the size of 
ZnO NCs decreases down to 67 × 131 nm (4). To explain the reasons of such PL stimulation, 
the factors that influent on the internal quantum efficiency and radiative recombination rates 
have to be discussed.

The stimulation of internal quantum efficiency in small ZnO NCs (3, 4) can be attributed to 
exciton recombination rate increasing owing to the realization of the weak exciton confine-
ment. The theoretical consideration of this effect was presented in references [48, 49] and two 
regimes of weak exciton confinement are discussed. The first regime deals with NCs of the 
size “bigger” than the Bohr exciton radius, but “smaller” than a wavelength of emitted light 
in ZnO. Oscillator strength increase in the first case is a result of oscillator strength enhance-
ment for localized excitons in proportion to spreading their wave functions, predicted for the 
bound exciton early [50].

Figure 14. The variation of integrated PL intensities versus sizes of ZnO NCs for PL bands: (a) 2.05 (1) and 2.45 (2) eV and 
(b) 3.226 (1), 3.154 (2), 3.082 (3), and 3.010 (4) eV [26].

N PL Kex

3.226

eV

PL Kex

3.155

eV

PL Kex

3.083

eV

PL Kex

3.010

eV

PL Kex

2.45

eV

Average NC 
width,

nm

1 1.0 1.0 1.0 1.0 1.0 308

2 2.9 2.6 2.1 2.3 3.7 253

3 7.8 7.5 5.4 5.8 8.6 170

4 16.0 14.0 9.5 10.7 31.6 67

Table 3. Experimental rations Kex for integrated PL intensities Wi/W1 of studied PL bands.
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The second weak confinement regime is connected with exciton‐light coupling with the for-
mation of polaritons, which becomes strong if the size of NCs approaches to light wavelength 
in ZnO. The exciton recombination rate   G      , at the assumption of exiton‐light coupling was 
considered as the product of photon and exciton eigenstates early in [48, 49]:

   G              = K   [  ∫ dr cos (kr ) Φ(r ) ]     2 ,  with k =  √ 
___

  ε  ∞      k  o    (4)

where k is the wave vector of light in a material with the high frequency dielectric constant, 
ε∞, that equals to ε∞ = 3.77 [32] in ZnO, k0 = 2π/λ0 is the wave vector of light at an exciton reso-
nance frequency and K is a characteristic of long‐range exchange energy splitting for exciton 
in NCs [48]. The Ф(r) in Eq. (4) was taken as a Gaussian function to get an analytical formula 
and formulas for the exciton recombination rate   G       and exciton recombination time   τ  R    were 
obtained as [48, 49]:

   G      =    √ 
___

 2π   ___ 12    ω  LT    (  2π ___  λ  o  
   )   

3
   〈r〉   3  exp (− 8  ε  ∞       π   2  〈r〉 ______  λ  o  2 

     
2

  )  (5)

   τ  R           =   1 ___  G         (6)

The radiative recombination rates (Figure 15) and corresponding radiative lifetimes 
(Figure 16) have been numerically estimated using Eqs. (5) and (6) for the quant energy of 
FE phonon‐assisted replicas (3.226, 3.154, 3.082, and 3.010 eV) in ZnO NCs of different sizes.

The recombination rates approach to maximum in ZnO NCs with diameters of 59–64 nm for 
the exciton‐light coupling model (Figure 15) and starting from 59 to 64 nm the radiative recom-
bination rate decreases (radiative lifetime increases) versus NC sizes (Figures 15 and 16).

The estimation of exciton recombination rates (Figure 15) has been done for the spherical 
shape of NCs. In the studied films, the ZnO NCs have a rhomb shape (Figure 1). The exciton 

Figure 15. Numerically simulated exciton recombination rates for LO phonon‐assisted PL bands in ZnO NCs of different 
sizes [26].
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bination rate decreases (radiative lifetime increases) versus NC sizes (Figures 15 and 16).

The estimation of exciton recombination rates (Figure 15) has been done for the spherical 
shape of NCs. In the studied films, the ZnO NCs have a rhomb shape (Figure 1). The exciton 

Figure 15. Numerically simulated exciton recombination rates for LO phonon‐assisted PL bands in ZnO NCs of different 
sizes [26].
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recombination rate decreases fast versus sizes (Figure 15) and due to this is reasonable to 
consider only the smallest NC parameter (width), because the recombination rate along the 
largest NC sizes (length) will be some orders smaller. Thus, the variation of PL intensity in 
ZnO NCs is reasonable to present versus NC widths, as shown in Figure 14.

The exciton‐light coupling model predicts well the ZnO NC size (59–64 nm), where the maxi-
mum of PL intensity can be expected. This size correlates with the NC width (67 nm) in the 
structure 4 with highest detected PL intensity. However, the PL intensities of FE phonon‐
assisted PL bands enlarge 15‐ or 10‐fold with decreasing NC widths from 250 down to 67 nm 
(Table 3). At the same time, the estimated recombination rate has to increase 90‐fold or even 
more in the proposed model (Figure 15). This difference can be attributed to the following 
reasons: (i) the enlargement of nonradiative recombination rate in smallest ZnO NCs due to 
increasing significantly the concentration of surface defects and (ii) the exciton‐light coupling 
and polariton orientation partially along the length of ZnO NCs, where the exciton recombi-
nation rate is smaller. Thus, the stimulation of both recombination parameters τR

−1 and τNR
−1 

with decreasing ZnO NC sizes and random polariton orientation in ZnO NCs lead to smaller 
internal quantum efficiency, η, and integrated PL intensity,   W  PL      , than it is predicted by the 
exciton‐light coupling model.

We need to discuss as well increasing the integrated PL intensity of FE‐2LO and FE‐3LO 
replicas in comparison with the intensity of FE‐4LO and FE‐5LO bands (Figure 13, Table 3) 
in small ZnO NCs. This effect, probably, deals with decreasing the exciton‐phonon coupling 
strength in the smallest ZnO NCs that were predicted early for ZnO QDs [51]. The effect was 
attributed to diminishing exciton polarity in small NCs and to decreasing Frohlich polar intra-
band scattering that induces phonon‐assisted emission bands [52–54].

Figure 16. Numerically simulated exciton radiative lifetimes for LO phonon‐assisted PL bands in ZnO NCs of different 
sizes [26].
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6. Impact of Cu-doping on the structure and emission properties of ZnO 
NC films

To the adjustment of ZnO NC characteristics the doping by different metals Al [55], Co [56], 
Ni [57], Cu [58, 59], or Ag [60] can be used. Cu atoms are most impotent impurities due to the 
low toxicity and large source content. ZnO:Cu NCs have demonstrated excellent electrical, 
magnetic, and photoelectrical characteristics and gas sensing [58, 59]. The Cu atoms are well 
known as emission activators for semiconductors that can change essentially the emission 
intensity in ZnO NCs [58, 59].

A lot of papers related to doping ZnO films by Cu in different concentrations were published 
recently [61–64]. A systematic change of XRD parameters with Cu content increasing in the 
ZnO crystal lattice was observed in Ref. [63], together with decreasing the ZnO energy band 
gap versus Cu contents [63]. NBE intensity enhancement in ZnO films with Cu doping at 2.0 
at% and emission quenching at Cu doping 4.4 at% was reported in Ref. [56].

A set of published papers are devoted to the defect study if the ZnO:Cu crystals [64, 65]. The 
green PL band at 2.45 eV with the LO phonon‐related structure and zero‐phonon line was 
assigned to the optical transition via CuZn acceptors [64, 65]. The structure‐less green emission 
was assigned to the recombination of electron from a shallow donor with hole bounds to Cu+ 
ions [65].

The assumptions concerning the Cu defect structure have been presented, but only some of 
them look as reliable. The purpose of our work is connected with the investigation of corre-
lated varying the XRD parameters and PL spectra of ZnO Cu NCs versus Cu contents with the 
aim to analyze the Cu‐related defects. The parameters of the studied ZnO and ZnO Cu NCs 
are summarized in Table 4.

6.1. SEM and XRD studies

SEM images of ZnO and ZnO Cu NCs obtained at the adonization duration of 3 min with 
thermal treatment at 400°C are presented in Figure 17(a) and (b). ZnO NCs have a rhomb 

Sample number Type of NCs Etching duration 
(min)

Etching voltage  
(V)

NC size (nm) Integrated PL 
intensity of all 
bands at 10 K (arb. 
un.)

1 ZnO 1 5 308 × 548 1.0 × 105

2 ZnO 3 5 273 × 459 2.0 × 105

3 ZnO 6 5 170 × 316 2.4 × 105

4 ZnO Cu 1 5 300 × 540 1.3 × 105

5 ZnO Cu 3 5 282 × 510 3.3 × 105

6 ZnO Cu 6 5 200 × 320 1.7 × 105

Table 4. The average NC sizes obtained from SEM images.
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shape and we used width and length for the size characterization (Table 4). The size of ZnO 
NCs decreases versus etching times from 308 × 548 nm to 170 × 316 nm (Table 4).

At first, the XRD investigation of ZnO and ZnO Cu NCs has been done with the aim to con-
firm that Cu atoms are incorporated in ZnO NCs. The five XRD peaks have been detected in 
both types of NCs (Figures 18 and 19), related to the diffraction from the (100), (002), (101), 
(110), and (103) crystal planes in the wurtzite ZnO crystal lattice [27].

Figure 17. SEM images of N2 ZnO NCs (a) and N5 ZnO Cu (b) NCs obtained at an anodization time of 3 min after 
thermal annealing.

Figure 18. XRD results for the N2 (a) and N3 (b) ZnO NCs (Table 4) after thermal annealing [66].
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The decreasing ZnO NC size stimulates the shift of XRD peaks to lower angles (Table 5) that 
testify on larger interplane distances in small ZnO NCs. It was supposed early that this effect 
is related to compressive strain decreasing in small ZnO NCs [26].

At the XRD study of ZnO:Cu NCs with small Cu concentration of ≤2.28 at% [67] (samples N4 
and N5), the XRD peaks shift to bigger diffraction angles (2 theta) in comparison with ZnO 
NCs (samples N1, N2), together with decreasing the NC sizes (Table 5). This effect testifies 
on smaller interplanar distances in ZnO:Cu NCs. At the Cu concentration higher than 2.28 
at% (sample N6), XRD peaks shift to smaller 2 theta values even more essential than those are 
detected in ZnO NCs (sample N3). The last effect corresponds to increasing the interplanar 
space in ZnO Cu NCs of N6.

Figure 19. XRD results for the N5 (a) and N6 (b) ZnO Cu NCs (Table 4) after thermal annealing [66].

Sample  
number

ZnO

(100)

ZnO

(002)

ZnO

(101)

Cu

(111)

ZnO

(110)

ZnO

(103)

1 31.7622 34.4022 36.2322 56.5422 62.8922

2 31.7322 34.4022 36.2321 56.5422 62.8922

3 31.7022 34.3722 36.2022 56.5222 62.8822

4 31.7713 34.4663 36.2793 56.6143 62.8473

5 31.7813 34.4763 36.2893 43.2963 56.6733 62.8963

6 31.6891 34.3351 36.1481 43.2531 56.4831 62.8041

Table 5. XRD peaks for studied ZnO NCs and ZnO Cu NCs [66].
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The valence of Cu could be +1 or +2 and the radius of Cu+, Cu+2, and Zn+2 ions are 0.096, 0.072, 
and 0.074 nm, respectively, in ZnO [68–72]. Substitution ions Cu+ and Cu+2 and interstitial Cu+2 
ions can be incorporated in ZnO. Lattice constants in ZnO:Cu NCs increase, in comparison 
with those in undoped ZnO NCs, when Cu+ substituted Zn+2 ions, together with compressive 
strain enlarging [68, 69]. In ZnO:Cu nanowires (NWs), a decrease in lattice parameter was 
detected and interpreted as Cu+2 ions substituted of Zn+2 ions in ZnO [70]. In addition, Cu 
atoms can form the complex defects [CuZn Zni]x as well [70].

In our study of ZnO and ZnO:Cu NCs three XRD effects have been revealed:

1. A low angle shift of XRD peaks in ZnO NCs at decreasing NC sizes (Table 5) owing to com-
pressive strain decreasing that can be accompanied by decreasing the energy band gap.

2. A higher angle shift of XRD peaks at small Cu content (2.28 at%) in ZnO:Cu NCs (Table 5) 
owing to, probably, the Cu+2 ion substitution of Zn+2 ions in ZnO.

3. A low angle shift of XRD peaks at higher Cu content (≥2.28 at%) in ZnO Cu NCs (Table 5) 
owing to Cu+ ion substituting the Zn+2 ion or the formation of Cu‐related complexes.

In ZnO:Cu NCs the XRD peak intensity increases versus etching durations (Figure 19) due 
to thickness increasing of the ZnO Cu NC layers. Simultaneously, the new XRD peak (2θ = 
43.2963°) related to the diffraction from (111) crystal planes in metallic Cu nanoparticles with 
a cubic crystal lattice [73] has been revealed (Table 5, Figure 19).

6.2. Comparative PL study of ZnO and ZnO Cu NCs

PL spectra of ZnO and ZnO Cu NCs obtained at different etching times (3 and 6 min) and mea-
sured at 10 K are presented in Figure 20(a) and (b). PL spectra are complex and include two wide 
PL bands well known in ZnO:NBE emission in the spectral range 2.80–3.37 eV [34] and defect‐
related emission in the range 1.70–2.80 eV [37–39]. The intensity of NBE luminescence rises ver-
sus anodization time owing to enlarging the thickness of ZnO NC layers (Figure 20a and b).

Simultaneously, the NBE band shifts to lower energy in PL spectra (Figure 20a and b) that 
is caused by decreasing the NC sizes, compressive strains, and the energy band gap of ZnO 
NCs [26].

The variation of Cu concentrations in ZnO:Cu NCs influent mainly on the intensity and shape 
of defect‐related PL bands in the range 1.7–2.8 eV. PL band intensity increases when the Cu 
concentration approaches to 2.28 at% and then decreases at higher Cu contents (Figure 20a 
and b). At high Cu concentration, the new PL band centered at 2.61–2.70 eV at 10 K has been 
detected in PL spectra of ZnO Cu NCs (Figure 20b, curve 2).

To make the conclusion concerning the light‐emitting mechanisms of visible PL bands in 
ZnO:Cu NCs, PL spectra have been studied in the range of 10–300 K (Figure 21).

Normalized PL spectra of ZnO and ZnO:Cu NCs for the visible spectral range measured at 
different temperatures are presented in Figure 22(a) and (b). It is clear that four PL bands (A, 
B, C, D) have composed PL spectra in the orange‐yellow‐green‐blue ranges of ZnO Cu NCs, 
which are characterized by different kinetics of PL intensity thermal decays.
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The deconvolution procedure was applied to PL spectra of Figure 22(a) and (b) that permits 
to obtain three‐ and four‐elementary PL bands in ZnO and ZnO Cu NCs, respectively, peaked 
at 10 K: 1.95–2.00 eV(A), 2.15–2.23 eV(B), 2.43–2.50 eV(C), and 2.61–2.69 eV(D).

The PL intensity of bands A, B, and C decreases faster (N6) versus etching duration in com-
parison with the PL intensity of band D (Figure 20b, curve 2). The variation of integrated 
PL intensities of all PL bands versus temperatures in ZnO and ZnO Cu NCs is presented in 
Figure 23(a) and (b). The band D intensity decreases at low temperatures (starting from 70 K). 
PL thermal decays of the bands A, B, and C are similar in ZnO and ZnO Cu NCs. PL intensi-
ties of bands (A, B, C) fall down slowly in the range 10–100 K, and only at higher temperatures 
(100–300 K) their PL thermal decays become faster.

To estimate the activation energies of PL thermal decay in different temperature ranges, the 
Arrhenius plots have been designed (Figure 24). At low temperatures, the activation energies 
of PL intensity decays are estimated as: 9 meV in ZnO or 16 meV in ZnO Cu NCs. These small 
activation energies of PL decay are related to the thermal activation of some nonradiative 
recombination centers (NRC). At higher temperatures PL intensities of A, B, and C bands 
decay with activation energies: 44meV (A) and 35 meV (B and C) in ZnO NCs (Figure 24a) as 
well as 37 meV (A) and 27 meV (B and C) in ZnO Cu NCs (Figure 24b). The PL band D inten-
sity decreases with the activation energy of 20 meV (Figure 24b, curve 4).

Figure 20. PL spectra of N2 (curve 1) and N3 (curve 2) ZnO NCs (a) and N5 (curve 1) and N6 (curve 2) ZnO Cu NCs (b).
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Figure 21. PL spectra of ZnO:Cu NCs measured in the range 10–300K.

Figure 22. Normalized PL spectra in the range of defect‐related PL bands for ZnO NCs (a) and ZnO Cu NCs (b).
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6.3. Orange‐yellow‐green PL bands

The orange PL band (1.95–2.05 eV) in ZnO was assigned to oxygen interstitials, Oi (2.02 eV) 
[40], to shallow donor‐deep acceptor pairs [11], or to hydroxyl groups (2.10 eV) [41]. The 
yellow band (2.15–2.23 eV) in undoped and doped (with N or Ga) ZnO layers [11, 74] was 

Figure 23. Thermal dependences of integrated PL intensities in ZnO (a) and ZnO Cu NCs (b) [66].

Figure 24. Arrhenius plots obtained for different PL bands for ZnO (a) and ZnO Cu NCs (b) [67].
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attributed to the electron transitions from shallow donors to deep acceptors with an energy 
level of 0.7 eV above the valence band, connected with the zinc vacancy, VZn, or VZn‐shallow 
donor complex [11]. The green PL band (2.43–2.50 eV) is complex and includes five PL bands 
connected with different defects in undoped ZnO NCs [75–78]. The types of corresponding 
defects and optical transitions are not clear yet.

The ZnO and ZnO:Cu NC layers were annealed at 400°C in air that is the O‐ and N‐rich condi-
tion. The defects favored for this condition are VZn, Oi, and OZn [79] that act as deep acceptors 
in ZnO [79]. However, the probability of forming OZn defects is low due to the high value of 
its formation energy in ZnO. The PL intensity of 2.40–2.50 eV band increases with NC size 
decreasing and surface‐to‐volume ratio rising [26], which permits to attribute the green radia-
tive centers to native defects (zinc vacancy or surface defects) in ZnO NCs (Figure 20a).

Cu doping with the concentration ≤2.28 at% stimulates significantly the intensity of orange‐
yellow‐green PL bands in ZnO:Cu NCs (Figure 20b and Table 4). Simultaneously, the XRD 
study has detected a high angle shift of all XRD peaks in ZnO Cu NCs owing to, apparently, 
the substitution of Zn+2 ions by Cu+2 ions in ZnO. Thus, the radiative centers connected with 
structureless green PL band (2.43–2.50 eV) in ZnO:Cu NCs can be attributed to CuZn

+2 defects 
[64, 65].

The high PL intensity of green band is detected together with the high intensities of orange and 
yellow PL bands in the ZnO Cu NCs (Figure 20b). It can be supposed that the process of Zn+2 
ion substitution by Cu+2 ions at the thermal treatment (400°C) is accompanied by appearing 
other native acceptors: zinc vacancies, oxygen interstitials, or their complexes. Zinc vacancies, 
VZn, are the deep acceptors with the transition energy levels E(0/−) = 0.18 eV and E(−/2−) = 0.87 eV 
above the valence band according to the calculations reported in [79]. Oxygen interstitials are 
characterized by deep acceptor transition levels E(0/−) = 0.72 and E(−/2−) = 1.59 eV above the valence 
band [79]. Cu atoms act as deep acceptors in ZnO as well [80]. Thus, all these deep acceptors 
can be responsible for the stimulation of orange‐yellow‐green PL bands in ZnO:Cu NCs.

Small activation energies of emission thermal decays (Figure 24) for bands (A, B, C) permit 
to attribute the corresponding centers to the shallow donor‐deep acceptor pars (DAPs). Note 
that PL thermal decays of B and C bands are characterized by the same activation energies 
owing to, apparently, the formation of corresponding DAPs from the same shallow donors, 
for example, Zni, and different deep acceptors.

Note that the defect concentration in ZnO:Cu NCs is higher than its value in ZnO NCs. Defect 
concentration increasing leads to the stimulation of the PL intensities of A, B, and C bands. 
Simultaneously, the activation energies of PL decays decrease in ZnO Cu NCs that is a result 
of distance decreasing between donors and acceptors in DAPs. The last effect provokes attrac-
tive interaction increasing in DAPs and, as a result, the shift of donor and acceptor energy 
levels closer to the conduction (valence) bands. In this case, the PL thermal decays in ZnO:Cu 
NCs are characterized by smaller activation energies that actually has been revealed: 37 meV 
(A) and 27 meV (B and C) (Figure 24).

The energy position of Zni
+1/0 donor levels was estimated early as 50 meV [81]. A shallow 

donor with ionization energy of 30 meV was detected at high‐energy electron irradiation 
experiments [82]. The authors suggested that these shallow donors owe to Zn‐sublattice 
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defects: Zn interstitialses or Zn‐interstitial‐related complex [83]. In addition, under the N‐rich 
ambient condition the shallow donors, Zni–NO, can be obtained as it was supposed in [84]. 
Thus, it can be assumed that in ZnO NCs the orange (A), yellow (B), and green (C) emissions 
are related to DAPs, which include the deep acceptors, such as oxygen interstitials and zinc 
vacancies, and shallow donors, like zinc interstitials or their complexes. In ZnO Cu NCs the 
substitutional CuZn atoms form the DAPs with shallow donors that are responsible on the 
structureless green PL band.

6.4. Blue PL band

The blue PL band D (2.61–2.70 eV) appears in PL spectra of ZnO:Cu NCs (sample N6, 
Figure 20b) at higher Cu contents (≥2.28 at%). Simultaneously, the intensities of other PL 
bands decrease (Table 4) and the band D dominates in the PL spectrum (Figure 20b, curve 2). 
At higher Cu concentrations in ZnO:Cu NCs, the nonradiative recombination centers (NRC), 
probably, appear that provokes decreasing the PL intensity of the bands (A, B, C). At the same 
time, the D band intensity decreases slowly that testifies on concentration increasing of D 
band emitting defects. In this case, a low angle shift of XRD peaks has been revealed at XRD 
study. This fact testifies on increasing the lattice parameters and interplanar distances owing 
to the formation of some Cu‐related complexes in the ZnO matrix. Cu‐complex defects can be 
attributed to [CuZn Zni]x complexes proposed in [65].

7. Plasmon‐related effects in ZnO Cu NC films with metallic Cu 
nanoparticles

The purpose of this part deals with the study of another effect related to Cu doping of the 
ZnO NCs. In the earlier mentioned papers [11, 58–63], the ZnO NCs were doped by Cu in low 
concentrations, when Cu atoms substituted Zn atoms in the ZnO crystal lattice. However, the 
method of Zn etching technology with thermal treatment permits to prepare ZnO:Cu NCs 
with metallic Cu nanoparticles located at the ZnO NC surface (Figure 19, Table 5). In this 
ZnO:Cu films, as expected, it is possible to generate plasmon by light in Cu nanoparticles that 
permit to study its impact on optical properties [80].

At first, the XRD (Figure 19) and EDS (Figure 25) methods have been used for the confirma-
tion that Cu atoms and Cu nanoparticles exist in ZnO Cu NC films (Table 6).

Figure 25(b) clearly demonstrates the CuK line in the high resolution insertion for ZnO:Cu 
NCs. The EDS analysis and estimated element concentrations are presented in Table 6.

XRD comparative investigations of ZnO and ZnO Cu NCs have been presented early in 
Figures 18 and 19 and analyzed in Section 6. In addition to the above discussed Cu peak 
at 2 theta equal to 43.2963° (Figure 19), which corresponds to the diffraction from the (111) 
crystal planes in the cubic crystal lattice of metallic Cu nanoparticles [73], the second Cu 
(200) peak at the 2 theta equaling to 50.4308° has been revealed in ZnO Cu NCs as well  
(Figure 26a and b) [85].
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study. This fact testifies on increasing the lattice parameters and interplanar distances owing 
to the formation of some Cu‐related complexes in the ZnO matrix. Cu‐complex defects can be 
attributed to [CuZn Zni]x complexes proposed in [65].

7. Plasmon‐related effects in ZnO Cu NC films with metallic Cu 
nanoparticles

The purpose of this part deals with the study of another effect related to Cu doping of the 
ZnO NCs. In the earlier mentioned papers [11, 58–63], the ZnO NCs were doped by Cu in low 
concentrations, when Cu atoms substituted Zn atoms in the ZnO crystal lattice. However, the 
method of Zn etching technology with thermal treatment permits to prepare ZnO:Cu NCs 
with metallic Cu nanoparticles located at the ZnO NC surface (Figure 19, Table 5). In this 
ZnO:Cu films, as expected, it is possible to generate plasmon by light in Cu nanoparticles that 
permit to study its impact on optical properties [80].

At first, the XRD (Figure 19) and EDS (Figure 25) methods have been used for the confirma-
tion that Cu atoms and Cu nanoparticles exist in ZnO Cu NC films (Table 6).

Figure 25(b) clearly demonstrates the CuK line in the high resolution insertion for ZnO:Cu 
NCs. The EDS analysis and estimated element concentrations are presented in Table 6.

XRD comparative investigations of ZnO and ZnO Cu NCs have been presented early in 
Figures 18 and 19 and analyzed in Section 6. In addition to the above discussed Cu peak 
at 2 theta equal to 43.2963° (Figure 19), which corresponds to the diffraction from the (111) 
crystal planes in the cubic crystal lattice of metallic Cu nanoparticles [73], the second Cu 
(200) peak at the 2 theta equaling to 50.4308° has been revealed in ZnO Cu NCs as well  
(Figure 26a and b) [85].
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In ZnO:Cu NCs obtained with the etching time of 6 min, the concentration of Cu NCs enlarges, 
which manifests itself by increasing the intensity of the Cu (111) and Cu (200) XRD peaks 
(Figures 19b and 26b). The oxidation of Cu nanoparticles can be realized, partially as well, at 
annealing in ambient air. The small peculiarities in XRD diagrams (Figure 19) for the sample 
M6 in the range 38–40° can be related to the CuO or Cu2O phases.

7.1. Raman scattering study

Raman peaks at 331, 379, 437, and 572–575 cm−1 have been detected in Raman scattering 
spectra measured in the 100–650 cm−1 range in ZnO and ZnO:Cu NCs (Figure 27). The 
nature of these Raman peaks has been discussed in Section 3.2. The increase in etching 
time leads to the enlargement of Raman peak intensities owing to the growth of ZnO NC 
volume and varying the geometry of Raman scattering measurement in small ZnO NC 
films (Figure 27). The intensity of all Raman peaks in ZnO Cu NCs is threefold higher 
than its value in ZnO NCs (Figure 27a and b). The studied NCs are characterized by the 
identical crystal structure and NC sizes (Table 4). The difference in the Raman scattering 
intensity can be attributed to the surface‐enhanced Raman scattering (SERS) effect in ZnO 
Cu NCs [72].

Figure 25. EDS spectra of N3‐ZnO (a) and N6‐ZnO Cu (b) NC samples obtained at an anodization time 6 min after 
thermal annealing [85]. The insertions present the high resolution EDS spectra in the range 7.8‐8.3 keV for ZnO (a) and 
ZnO:Cu (b) NCs.

Element wt% at%

OK 19.87 50.29

CuK 3.58 2.28

ZnK 76.55 47.42

Sum 100 100

Table 6. Analysis of K‐lines in EDS results for N5 ZnO Cu NCs.
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The light‐enhanced electric field and the SERS effect are attributed to the plasmon resonance 
at the material interface with metallic nanoparticles. In the studied case, apparently, the exci-
tation light used at Raman scattering study stimulates the plasmon generation in metallic Cu 
nanoparticles at the surface of ZnO:Cu NCs with corresponding wavelength for plasmon‐
polariton resonance that is needed for SERS effect.

7.2. ZnO emission study

PL spectra of ZnO and ZnO Cu NCs are presented in Figure 28 for the comparison. The PL 
intensity of defect‐related PL bands (2.08 and 2.50 eV) increases, in comparison with the NBE 
emission intensity, when the NC size falls down in ZnO and ZnO Cu NCs together with the 
surface‐to‐volume ratio rising (Figure 28, Table 4). It is known that 2.02–2.08 eV PL band 

Figure 26. XRD results for the ZnO Cu NCs obtained at an anodization times of 3 min (a) and 6 min (b) after thermal 
annealing in the XRD range 50–51° [85].

Figure 27. Raman scattering spectra of thermal annealed ZnO NCs (a) and ZnO Cu NCs (b) obtained at the etching times: 
1 (1), 3 (2), and 6 min (3) [85].
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increased significantly its intensity after oxidation at annealing in ambient air [21, 22] that is 
accompanied by the oxygen interstitial content enlargement in ZnO. The detection of identi-
cal orange emission peaks in ZnO and ZnO Cu NCs permits to attribute the PL band (2.08 eV) 
to radiative defects included the oxygen interstitials.

The influence of metallic Cu nanoparticles on the PL band intensities in PL spectra of ZnO:Cu 
NCs is different significantly.

The influence of Cu nanoparticles on the intensities of PL bands in ZnO NCs is different. 
Figure 28 shows that the PL intensity of defect‐related PL bands is higher by twofold in ZnO 
Cu NCs than it value in ZnO NCs. This fact can be assigned to the plasmon‐enhancing recom-
bination via these defects [1]. However, NBE emission in ZnO Cu NCs is less effective in 
comparison with ZnO NCs (Figure 28). The last effect can be explained by the destruction of 
excitons by locally enhanced electric field in Cu nanoparticles at the ZnO Cu NC surface and 
due to this diminish the exciton‐related emission.

8. Conclusion

The morphology, crystal structure, Raman scattering, and multicolor emission have been 
comparatively studied in ZnO and ZnO:Cu NCs. XRD study confirms the wurtzite structure 
of ZnO NCs obtained by electrochemical method. The PL intensity enhancement of exciton 
emission is detected in NCs with the size of 67–170 nm and attributed to the week quantum 
confinement and exciton light coupling with the formation of polaritons. It is shown that 
metallic Cu nanoparticles on the surface of ZnO:Cu NCs stimulate the SERS effect and PL 
intensity rising the visible PL bands owing to, apparently, the plasmon generation in Cu NCs. 
Simultaneously, NBE emission decreases in ZnO:Cu NCs due to the exciton destruction by 
plasmon‐enhanced electric field.

Figure 28. PL spectra of ZnO NCs (a) and ZnO Cu NCs (b) obtained at the anodization durations of 1 (1), 3 (2), and 6 
min (3). Dashed curves represent the deconvolution of experimental PL spectrum on the elementary PL bands (curves 
4, 5, 6) [85].
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Abstract

In this chapter, the lab-on-a-tube surface micromachining technology will be used to 
fabricate a flexible implantable microtemperature sensor for hyperthermia application 
and a three-electrode system on a polymer tube surface for glucose monitoring application. 
This micromachining process is based on two homemade equipments: a spray coating 
equipment and a programmable UV 3D projection lithography system with alignment. 
In the spray coating system, there is a heater nozzle next to the spray nozzle for real-time 
heating. Pure nitrogen is flowed through the heater nozzle, warmed up and sprayed onto 
the tube substrate surface. The programmable UV lithography equipment for cylindrical 
substrate mainly consists of four parts: a uniform illumination system, a reduced projec-
tion lithography system, a synchronized motion stage system, and a Charge-Coupled 
Device (CCD) multilayer alignment system which is used to observe simultaneously the 
projected mask’s patterns and those ever fabricated on the tube. Using the developed lab-
on-a-tube surface micromachining technology, an implantable flexible microtemperature 
sensor and a three-electrode microstructure are successfully fabricated on the flexible 
polymer tube with 330 μm outer diameter, respectively. The test temperature coefficient 
of resistance (TCR) of the temperature sensor is 0.0034/°C. The measured cyclic voltam-
metry curve shows that the three-electrode system has a good redox property.

Keywords: micromachining, lab-on-a-tube, thin film, flexible cylindrical substrate, 3D 
lithography

1. Introduction

With the development of the Internet of Things (IoT), wearable devices, and implantable 
biomedical components, the flexible sensors, actuators, and electrical circuits have been 
demanded more and more widely. However, the traditional silicon-based surface microma-
chining technologies are difficult to meet this requirement due to natural brittle structure. 
With regard to this, we developed a novel micromachining method that mainly includes 

© 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.



spray coating, lithography pattering, and multilayer alignment on the flexible cylindrical sub-
strate, such as fiber, polymer tube, capillary, and other tubes. It can realize the integrated 
fabrication of many sensors and actuators with different functional materials on an ultrathin 
(hundreds of micrometers) flexible cylindrical substrate, which is very promising to wearable 
devices and biomedical applications in the future. Here, we called it “lab-on-a-tube surface 
micromachining technology.”

In this chapter, the equipments used for lab-on-a-tube surface micromachining will be 
described in detail. Firstly, a spray coating system for cylindrical substrate will be intro-
duced, and the effect of process parameters on the quality of the coated photoresist (PR) 
film on tube surface will be also discussed. Then, the UV projection lithography system for 
cylindrical substrate is developed, and its working principle is described in detail. Finally, 
two application examples of the developed lab-on-a-tube surface micromachining technol-
ogy will be shown, one is the flexible implantable microtemperature sensor on a polymer 
tube surface, another is flexible implantable microneedle with three-electrode system for 
glucose sensor.

2. Equipments for lab-on-a-tube surface micromachining

2.1. Spray coating system for cylindrical substrate

A homemade equipment was built, as shown in Figure 1, which can realize the spray coating 
of PR film on the tube surface. In order to complete real-time heating for the tube with coated 
film, a heater nozzle was used, where nitrogen gas (N2) will be flowed. The temperature of 
N2 gas was controlled by using two temperature sensors at the inside and outlet of the heater 
nozzle. The scan speed of the spraying nozzle, the rotation speed of the tube, and the distance 
between spray nozzle and the tube can be all independently controlled. They are main pro-
cess parameters in the current system [1].

In the present work, the photoresist (PR) solution including a positive photoresist S1830 and 
a thinner AZ 5200 was used as the PR film coated on the tube surface. In the solution, their 
weight ratio is 1:1. Figure 2 shows the effect of the nozzle/tube distance on the thickness of 
coated PR film when using the real-time heating or not. Figure 3 is the measured variations 
of the PR film thickness versus the rotation speed when using different weight ratios and 

Figure 1. Homemade spray coating system for tube substrate and its schematic setup [3].
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cycle scanning speeds. It can be found that the quality of the coated PR films is not good if 
there is no real-time heating during spray coating. The thinner PR film would be obtained if 
increasing the rotation speed and thinner concentration. Because that the centrifugal force 
will become larger when the rotation speed of the tube increases. So PR solution particles 
will be thrown away more from the tube surface. Finally, the PR films become thinner when 
increasing the rotation speed.

These experimental results about the spraying PR film on the tube surface are generally in 
accordance with the previous reports [1, 2]. However, considering the size of tube is very 
small compared to those of the spray jet and the nozzle/tube distance. So its basic principle is 
different from the traditional coating process, where the size of wafer is usually planar shape 
with several inches. A so-called impinging region existing below the nozzle will cover the 
tube spraying area. Moreover, considering the spraying PR particles (about 10–20 μm) is usu-
ally only one-tenth of the tube diameter, the influence of the rotation speed is more obvious 
than the real-time heating during the spray coating. Especially for that using low-volatility 

Figure 2. Measured effects of the real-time heating process on the variation of the PR film thickness versus the nozzle 
tube distance.

Figure 3. Measured variations of the PR film thickness versus the rotation speed under different weight ratios and cycle 
scanning speeds.
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thinner, the real-time heating is more important. Otherwise, it is difficult to obtain continuous 
and smooth PR film surface. In addition, the effect of process parameters in the spray coating 
on the quality of PR film on tube surface has been fully studied in our previous work [3, 4].

2.2. UV projection lithography system for cylindrical substrate

Figure 4 shows the sketch of the developed UV lithography system for tube surface. The 
whole system mainly consists of four units: a synchronized motion stage, a reduced projec-
tion exposure unit, a CCD multilayer alignment part, and a uniform illumination unit. After 
through a reduced mask image, the UV light used as exposure source will be focused onto 
the bottom surface of the tube with coated PR film. The wavelength of the used UV light is 
250–600 nm. With regard to this, a 436 ± 10 nm interference filter was used to eliminate the 
aberration. Finally, the magnifying power of the objective lens will determine the amplifica-
tion factor of the whole lithography system. In the present work, the overall reduced factor is 
0.5 when the pattern of mask is transferred to the surface of the tube. This is reasonable and 
enough for our current research. By the abovementioned setting, a focal depth of ±45 μm can 
be realized in the developed UV lithography system that will be used to exposure and pat-
terning the tube surface with coated PR film. Two chucks in the rotation stages are used to fix 
the tube in order to make sure the coaxial rotation. In addition, for adjusting the coaxiality 
conveniently, a laser was also used as a reference.

The final whole lithography system that includes five degrees of freedom (DOFs) is shown in 
Figure 5(a). The patterns on mask and tube can be seen simultaneously by using two CCD, 
which can help to complete the secondary or multilayer alignment in the exposure. The side 

Figure 4. Schematic illustration of programmable UV lithography system with alignment for cylindrical substrates [4].

Figure 5. Optical photo of (a) final developed lithography equipment and CCD for alignment and (b) side view and 
(c) top view in the programmable operation window.
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view and top view in the programmable operation window are shown in Figure 5(b) and (c), 
respectively. The programmable software can automatically control motorized XYZ-θ stages 
and exposure time. The movement and the rotation accuracies are 0.1 μm and 0.01° in the 
axial direction and the θ-direction, respectively. By using PC operation window and doing 
those programmable sentences, the PR film on the tube surface can be patterned according 
to the design. Finally, the PR patterns with expected microstructures will be obtained on the 
tube surface after the development. This equipment can be used not only for tube exposure 
but also for those similar cylindrical substrates, such as optical fibers, capillary, metal or fabric 
wires, etc. The working principle of the developed lithography system can be found in our 
previous works [4, 5].

Micropatterning on the tube surface can be easily realized by using the developed program-
mable lithography equipment. Firstly, you can decompose the designed pattern into sequential 
programmable sentences in the PC operation window. Then, the software will automatically 
control the movements of stage, mask, and tube; the UV light will complete the exposure to the 
tube surface with coated PR film according to the programmable sentences. For example, you 
can complete an oblique line pattern on the tube by controlling the tube to parallel translation 
and rotate simultaneously. Of course, the final angle of the oblique line will be determined 
together by their two speed values in the respective directions. In the exposure, we can con-
veniently tune the intensity by changing the quantity of projection light and movement speed 
of the tube. Figure 6 is the preview patterns of some microstructures after completing the 
programmable sentences, such as (a) micro-heater and (b) resonator. These micropatterns will 
be firstly drawn by programmable operation window in our developed lithography system 
shown in Figure 5. Then, they will be fabricated on the silica glass tube surface. After the expo-
sure of these cylindrical tubes with coated PR film by the above programmable lithography 
system, the development was carried out subsequently. As a result, the PR films on the tube 
surfaces have been successfully patterned as those expected program patterns in Figure 6(a) 
and (b), which are as shown in Figure 6(a′) and (b′).

After sputtering Pt film and subsequent lift-off process, the two kinds of microstructures 
are clearly seen, including zigzag micro-heater and partial patterns of resonator, which are 

Figure 6. Planar previews of the programmed (a) micro-heater and (b) resonator patterns and (a′–b′) obtained 
micropatterns on silica glass tube after exposure and development according to corresponding programmed patterns.
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shown in Figure 6 (a′) and (b′). Figure 7 shows the Scanning Electron Microscope (SEMs) of 
these microstructures. The PR film thickness and the line width are ~2 and 20 μm, respec-
tively. As so far, the line width of 10 μm has been obtained by using special fabrication 
process in our developed lithography system.

3. Application examples

3.1. Flexible implantable microtemperature sensor

The hyperthermia is still considered as an effective way for the cancer treatment, which has 
been proven in many clinical studies. In the treatment, the microwave was used to heat the 
lesion to above 42°C in order to kill tumors. At the same time, we have to make sure the nor-
mal tissue not to be damaged [6]. So, in the hyperthermia it is necessary to develop a micro-
temperature sensor for measuring the temperature precisely. Although many researchers 
have fabricated some microtemperature sensors, they cannot be used as a flexible device to 
implant into the objects due to its fabrication based on silicon process [6–8]. Its natural brittle 
feature is not beneficial. Therefore, some researchers try to develop thinner sensor based on 
the cylindrical substrate in order to implant into the tissue. For example, a microcoil on the 
capillary surface for magnetic resonance imaging (MRI) interventional treatment has been 
reported in Ref. [9]. Similarly, in Refs. [10, 11], a radio frequency (RF) coil has also been devel-
oped on the cylindrical surface for portable nuclear magnetic resonance (NMR) diagnosis. In 
addition, the soft lithography technology was used to realize patterning on the curved surface 
in Ref. [12]. Even, in order to fabricate microstructures on the thin cylindrical substrate, an 
automatic wire bonder was also utilized in the work [13, 14]. However, in these methods the 
devices are usually fabricated on glass capillary or metal stick surface. The whole flexibility 
of the sensor is poor, and corresponding fabrication resolution and sensitivity are neither 
not good. In addition, in these methods only one kind of material can be used and fabricated 
because the multilayer alignment cannot be realized. As a result, their applications have been 
subjected to a lot of limitations.

In the present work, using the developed programmable UV lithography system, a flexible 
implantable microtemperature sensor for hyperthermia application will be designed and 
fabricated. Finally, the fabricated microtemperature sensor will be also evaluated in detail.

In this work, we design a flexible implantable microtemperature sensor on a polymer tube 
with only 330 μm outer diameter for hyperthermia application. This sensor will be fabricated 

Figure 7. SEM of fabricated (a) zigzag structures of micro-heater and (b) resonator.
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using the above developed lithography system. The design sketch of the temperature sensor and 
its corresponding general working principle is shown in Figure 8(a). In the future practical 
application, you can implant the part of the sensor into the tumor and monitor its tempera-
ture. The doctor can make a right decision and precise operation by referring the measured 
result from the microtemperature sensor. The material of the sensing element in the sensor is 
platinum (Pt) considering its good resistance-temperature effect. The sensing element and its 
geometric parameters are shown in Figure 8(b) and (c), respectively.

ANSYS was used to do the simulation of the microtemperature sensor. Figure 9 is the 2D 
model of the sensor, which only contains one Pt line and pitch unit because of its symmetry. 
The polymer tube from Furukawa Electric Co., Ltd. was used as the substrate because of 
its excellent physical and chemical stabilities. It is substantially a kind of commercial poly-
imide (PI) material. Especially, this tube can withstand the temperature up to 200°C. Before 
simulation the related boundary conditions need to be determined according to application 
environment. The temperature of tube surface was set as 37°C, which was considered as the 
normal tissue. Here, 42°C is set as the highest temperature in the hyperthermia. The transient 
simulation was carried out for dynamic response of the designed microtemperature sensor. 
Figure 9(b)–(g) shows the simulated results. It can be seen that the temperature didn’t con-
tinue to spread along the vertical direction of the tube surface until the moment about 2–4 ms, 
which means the response time of the sensor.

Figure 8. (a) Sketch of the flexible microtemperature sensor on the polymer tube for hyperthermia, (b) sensing element, 
and (c) its structural parameters [4].

Figure 9. Dynamic simulation of microtemperature sensor used in hyperthermia. (a) FE model and (b)–(g) transient 
temperature field distributions [4].
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The general fabrication process of the temperature sensor is described in Figure 10, as follows:

a. Cleaning the polymer tube. Using a UV ozone treatment unit (VX-0200HK-002, ACingTec, 
Japan) to clean the surface and modification.

b. Spray coating ~2.5 μm PR on the tube substrate by developed homemade coating 
system.

c. Exposure and patterning of the polymer tube with coated PR film by developed cylindrical 
lithography method.

d. Magnetron sputtering Pt film (~0.13 μm) onto the patterned tube surface.

e. PR film was removed by lift-off.

f. Again spray coating PR film (~2 μm) on the tube with patterned Pt microstructures.

g. Secondary exposure and development were done to pattern the PR film again.

h. SiO2 layer ~0.3 μm was deposited on the Pt film for electric isolation.

i. Obtaining the microtemperature sensor after removing the residual PR film by acetone 
solution. The detailed fabrication process steps of the sensor can be found in our previous 
report [15].

The polymer tube substrates used in this work were all cleaned by immersing in the H2SiO4/
H2O2 solution at 115°C for 15 min and then rinsed with purified water. The PR film was depos-
iting on the tube surface by homemade spray coating setup. During the spray coating, the 
real-time heating was used always. The thickness of coated PR film can be controlled by cycle 
spray coating number and tube rotation speed. In the fabrication of Pt sensing element in the 

Figure 10. Main fabrication processes of flexible microtemperature sensor on the polymer tube.
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sensor, the quality of the Pt film is very important considering it is used as the critical sensitive 
material. The sputtering condition is the vacuum 7.0 × 10−4 Pa, the purity of Ar gas 99.9%, the 
purity of Pt target 99.99%, and sputtering power 100 W. The fabrication process steps of the 
microtemperature sensor are described in our previous work [15].

The optical photo of the final fabricated flexible microtemperature sensor is shown in 
Figure 11. It can be seen that the sensor has a good flexibility. The Pt sensing element in the 
sensor can be also seen clearly in the right picture in the figure. Also, the line patterns of the 
fabricated sensing element on the polymer tube are clearly shown in Figure 12.

Platinum (Pt) film temperature sensing will experience a change in resistance with environ-
mental temperature according to the following formula:

   R  t   =  R  0   [1 + α (T −  T  0  ) ]   (1)

where Rt is the resistance at the working temperature T and R0 is the resistance at the reference 
temperature T0. And, α is the temperature coefficient of resistance (TCR). By slowly increas-
ing and reducing the temperature from room temperature to 90°C, we can obtain the TCR, 
as shown in Figure 13. It is generally 0.0034/°C. This measured value is lower than the theo-
retical value of bulk pure Pt (0.0039/°C) because the electron scattering would be cause grain 
not be density during the film sputtering [16]. Of course, the deviation will also be caused by 
fabrication parameters, testing method, etc.

Figure 11. Optical photo of the fabricated flexible microtemperature sensor next to a coin for reference and its sensing 
element micropattern.

Figure 12. SEM photograph of the fabricated flexible microtemperature sensor on polymer tube surface.
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3.2. Flexible implantable microneedle with three-electrode system for glucose sensor

As another example of the developed programmable UV lithography system, a three-
electrode system will be designed and fabricated on a polymer tube surface. As a result, 
the tube with three-electrode microstructure can be used as a flexible microneedle, which 
could be promising in the implantable glucose sensor for human body in the future. 
Figure 14(a) is the sketch of the designed system and its configuration. The one end of the 
microneedle can be used as an implantable sensor considering its flexibility and thin size. 
In addition, the hollow structure of the tube may be as a convenient path for potential 
drug delivery. The three-electrode structure is as follows: counter electrode (CE), reference 
electrode (RE), and working electrode (WE). Figure 14(b) and (c) shows the corresponding 
geometric parameters and configurations. Some external measuring and controlling sys-
tems are also necessary if the microneedle would be used in the glucose monitoring and 
insulin injecting.

Figure 15 generally describes fabrication steps of the three-electrode structure on the polymer 
tube, as follows:

a. Polymer tube substrate ready and cleaning the surface of the tube using plasma.

b. Spray coating PR film ~2 μm on the polymer tube surface by developed spray coating 
system.

Figure 14. (a) Sketch of the interventional flexible implantable microneedle with three-electrode system for continuous 
glucose monitoring and drug delivery, (b) distributions, and (c) main structural parameters [17].

Figure 13. Test TCR of the flexible microtemperature sensor fabricated on the polymer tube surface.
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insulin injecting.

Figure 15 generally describes fabrication steps of the three-electrode structure on the polymer 
tube, as follows:

a. Polymer tube substrate ready and cleaning the surface of the tube using plasma.

b. Spray coating PR film ~2 μm on the polymer tube surface by developed spray coating 
system.

Figure 14. (a) Sketch of the interventional flexible implantable microneedle with three-electrode system for continuous 
glucose monitoring and drug delivery, (b) distributions, and (c) main structural parameters [17].

Figure 13. Test TCR of the flexible microtemperature sensor fabricated on the polymer tube surface.
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c. Patterning the tube with coated PR film according to the programmable micropattern of 
three-electrode pattern using the developed programmable UV lithography equipment.

d. Magnetron sputtering of 120 nm thick Pt film onto the tube surface with patterned PR. Lift 
off and remove the residual PR and obtaining three-electrode patterns.

e. The second spray coating PR and lithography with alignment.

f. Sputtering Ag layer and AgCl layer preparation; remove residual PR film by lift-off pro-
cess. Finally, the three-electrode pattern was completed. The detailed fabrication process 
steps of the microneedle can be found in our previous reports [17, 18].

In the above fabrication of the three-electrode structure, the Ag/AgCl electrode must be com-
pleted according to programmable patterns as shown in Figure 16. In addition, the second 
lithography with alignment in the experiment is very critical. The related operation can be 
found in our previous work [17]. Figure 16 shows the programmable micropattern of the 
three-electrode system (left) and the three-electrode structure obtained by programmable 
lithography equipment with multilayer alignment: PR boundaries in −40° and −10° views 
after the development by secondary alignment (right). So far, we have realized the ±1 μm 
alignment precision using the developed lithography system.

Figure 17 is the final fabricated three-electrode structure on the polymer tube surface. The whole 
structure can be used as an implantable flexible microneedle because of its good flexibility prop-
erty. Generally, this proposed device shows better overall property than other similar reports 
[19–24]. The novel design including a three-electrode structure on a thin hollow tube will be 
very useful for some applications in the micro-total analysis systems (μTAS) in the future.

Figure 15. Main fabrication process of the three-electrode structure in flexible microneedle on polymer tube surface.

Figure 16. Programmable micropattern of the three-electrode system (left) and three-electrode structure obtained by 
programmable lithography equipment with multilayer alignment: PR boundaries in −40° and −10° views after the 
development by secondary alignment (right).
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Next, the fundamental electrochemical property of the fabricated three-electrode structure 
was measured. The detailed measuring method, conditions, and related equipment used can 
be found in our previous work [17]. The measured cyclic voltammetry (CV) curve is shown in 
Figure 18. It indicates the device has a good redox property. But the peak of the test current is 
not very evident. Very small reaction area in the three-electrode pattern is considered as a main 
reason because of thin tube diameter. In addition, the quality of the sputtering Pt film is another 
affected factor. We can obtain an estimated peak current density according to the above mea-
sured result, about 0.8 mA/dm2, which is sufficient for subsequent circuit signal processing in the 
glucose sensor application. In addition, our fabricated flexible microneedle device can be more 
easily implanted into the objects compared to other reported ones [23–26].

4. Conclusion

In this chapter, a lab-on-a-tube surface micromachining technology for cylindrical substrates 
has been built for the first time based on the developed programmable UV lithography system 
with alignment. The related equipments used in the lab-on-a-tube surface micromachining, 

Figure 18. Measured cyclic voltammetry curve of the three-electrode pattern on the fabricated prototype microneedle 
on polymer tube surface.

Figure 17. SEM and optical photo of the fabricated three-electrode system on a polymer tube surface as a flexible microneedle.
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including a homemade spray coating system and a projection exposure system for cylindrical 
substrate, have been introduced, and corresponding working principle and process param-
eters have been also explained. Then, as the application examples, an implantable flexible 
microtemperature sensor and an implantable microneedle with integrated three-electrode 
system on the tube surfaces have been proposed, fabricated, and characterized. The magne-
tron sputtering Pt film is used as the sensing material in the temperature sensor. The test TCR 
of the fabricated sensor is 0.0034/°C. The fabricated three-electrode structure on the polymer 
tube in CV measurement shows a good performance. The developed microneedle with the 
integrated three-electrode pattern will be very promising in the implantable glucose sensor 
for the human body in the future.
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Abstract

Chemical deposition methodology is a well-understood and highly documented cat-
egory of deposition techniques. In recent years, chemical bath deposition (CBD) and 
chemical vapor deposition (CVD) have garnered considerable attention as an effective 
alternative to other deposition methods. The applicability of CVD and CBD for indus-
trial-sized operations is perhaps the most attractive aspect, in that thin-film deposition 
costs inversely scale with the processing batch size without loss of desirable optoelec-
tronic properties in the materials. A downside of the method is that the optoelectronic 
characteristics of these films are highly susceptible to spurious deposition growth mecha-
nisms. For example, increasing the temperature of the chemical deposition bath can shift 
the deposition mechanisms from ion-by-ion (two dimensional) precipitation to bulk solu-
tion cluster-by-cluster (three dimensional) formation which then deposit. This drastically 
changes the structural, optical, and electrical characteristics of CBD-deposited thin films. 
A similar phenomenon is observed in CVD deposited materials. Thus, it is of great inter-
est to study the coupling between the deposition parameters and subsequent effects on 
film performance. Such studies have been conducted to elucidate the correlation between 
growth mechanisms and film performance. Here, we present a review of the current lit-
erature demonstrating that simple changes can be made in processing conditions to opti-
mize the characteristics of these films for optoelectronic applications.

Keywords: chemical bath deposition, chemical vapor deposition, performance 
optimization, perovskites, optoelectronic performance
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1. Introduction

The intent of this chapter is to cover the most recent advances achieved in optimization of 
chemically deposited thin films. The most prominent and widely used chemical deposition 
processes are chemical bath deposition (CBD) and chemical vapor deposition (CVD) meth-
ods. Recent breakthroughs in film optimizations relating to these methods will be the focus 
of this monograph.

Advanced thin films are the key enabler of the modern high-tech explosion. These materials 
find uses in military, defense, private, and commercial products with a truly limitless poten-
tial. It can be argued that every piece of electrical equipment, tool, hardware, and device com-
mercially available relies, to some extent, on advanced processing of thin-film materials and 
our ability to scale those processes for cost-effective mass production.

Although CBD and CVD methods have been known since the 1940s and 1950s, respectively, the 
pursuit of cost reductions has driven recent research efforts in these fields [1, 2]. Specifically, 
the past decade has seen developments in the performance optimization of thin films by 
altering the deposition parameters. This has allowed for improved film characteristics with-
out additional cost and spurred research into the growth and optimization of organic semi-
conductors [3–6]. Further, CVD and CBD have facilitated efficient device manufacturing by 
enabling systematic film layer depositions. Additional layers of a single material or of mul-
tiple materials may be deposited as necessary to grow monolithic structures for advanced 
applications. Such mesoscopic assemblies opened new doors for device manufacturing and 
optimization. These novel approaches are expected to further expand the capabilities of the 
current technology in a wide range of applications.

The recent advances in this particular field of science are far-reaching and extend beyond the 
scope of this chapter. This chapter reviews only the mainstream and high-impact achieve-
ments in chemically deposited thin films. Some of the current challenges and limitations of 
these methods are also addressed. This chapter is divided into two sections: the first section 
addresses the chemical bath deposition technique, structural and optoelectronic characteriza-
tion, and performance of CBD deposited thin films; the second section deals with the chemical 
vapor deposition and performance and tunability of CVD deposited thin films. Tunability and 
deposition parameter optimization of film performance are addressed in both sections.

2. Chemical bath deposition (CBD)

The roots of chemical bath deposition extend back over a century [7]. It was initially shown 
that high-quality chalcogenides and oxides could be deposited using this simple cost-effective 
technique [8]. At the time, however, the semiconductor theory was decades away. Thus, only 
a few enthusiasts exhibited initial interest in the method. As the power of thin-film semicon-
ductors was realized, the demand for such high-performance materials exploded. The market 
demand required a cost-effective method, which could sustain the production of high-quality 
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thin films. By this time, CBD was already a well-established process shown to produce highly 
crystalline structures and, thus, was a natural choice for such an application [9]. Research at 
that time showed that the method could also be applied for the deposition of metals, metal-
lic alloys, chalcogenides, oxides, carbonates, and halides, all of which are an inherent part of 
next-generation organic semiconductors [10–12]. In more recent years, the process has been 
extended to deposit electron and hole transport layers (ETL and HTL, respectively), transpar-
ent conducting oxides (TCO), nanotubes, copper indium gallium selenide (CIGS) devices, 
and numerous other applications [13–17]. Further, the CBD method is inexpensive, easy to 
implement, convenient for large area depositions, and associated with highly favorable opto-
electronic and structural properties [18, 19]. The power and the usefulness of the method 
cannot be overstated. Because of its broad applicability, CBD became a focus of numerous 
research groups.

2.1. CBD theoretical considerations

The underlying concept behind CBD is the rearrangement of the chemical constituents in the 
bath or already deposited on a substrate into functional crystalline structures during the chem-
ical reactions. The original size of the chemical constituents can range from subatomic particles 
to microscale molecules. CBD finds a broad range of applications because it can be applied to 
a wide variety of chemicals. This concept is demonstrated further in the following examples.

(a) Electron exchange (redox)

Changes in oxidation numbers in elements during a chemical reaction indicate a redox reaction 
taking place. Such reactions take place in the CBD formations of metal, nonmetallic compounds, 
and oxide films, through direct oxidation or oxidative redux in which the electron exchange 
takes place among more than two elements. Insoluble lead dioxide [PbO2], for example, forms 
from the oxidative redux of peroxydisulfate ion [S2O8

2−] in water, as shown in Eq. (1) [20]:

    Pb   2+  +  S  2    O  8  2−  + 2  H  2   O →  PbO  2   + 2  SO  4  2−  + 4  H   +                   (1)

(b) Ligand exchange

This type of reaction involves the exchange of ligands in a complex ion. Highly desired silicon 
dioxide [SiO2] is precipitated using reaction 2 through the exchange of oxygen and fluorine 
ions. In general, this reaction holds an advantage in that it is generally more specific, allowing 
high selectivity in the produced compounds to be achieved [20]:

    SiF  4  2−  + 4  H   +  +  BO  3  3−  →  SiO  2   +  H  2   O +  BF  4  −                   (2)

(c) Complex reaction

This type of reaction occurs by a coordinated exchange of complexes in a chemical bath, as 
illustrated in Eq. (3). Because of the potential for additional reactions, complex exchange reac-
tions can have drawbacks that require advanced consideration. For example, due to its avail-
ability and low cost, thiourea [SC(NH2)2] is a common sulfur source used in CBD. Exchange 
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of sulfur from the thiourea requires complex decomposition and reaction. Although the stable 
molecule cyanamide [CN2H2] is a common by-product of the thiourea decomposition, forma-
tion of reactive and toxic cyanide [CN−] has also been reported [21]. Such undesirable decom-
positions can have adverse effects on the overall deposition process:

   Cd   ( NH  3  )   4  
2+  + SC   ( NH  2  )   2   + 2  OH   −  → CdS +  CN  2    H  2   + 2  H  2   O        (3)

The existence of numerous approaches to growing films in solutions is illustrated in the basic 
reactions discussed in Eqs. (1)–(3). It should also be inferred that careful consideration of each 
chemical reaction by-product is necessary to prevent contamination of the film or undesired 
waste products. The structural properties, precipitation rates, crystallinities, and—of greater 
interest—optical and electrical performance of materials can thus be controlled with careful plan-
ning. Perhaps, the most promising category of materials derived from a theoretical understand-
ing of CBD has been organic semiconductors. Recently, CBD was used to crystallize CH3NH3PbI3 
perovskite powders for use in highly efficient organic-inorganic perovskite solar cells [22]. This 
would not have been possible without a deep theoretical understanding of the chemical reaction.

Reliably predicting film performance and controlling the deposition mechanisms is a formi-
dable challenge. Charge carrier mobilities, for example, depend on the grain size, layer com-
position, porosity, interstitial trapping, doping, contaminants, diffusion lengths, substrate, 
bond lengths, and a plethora of other factors [23–25]. Recent deviations between continuum 
and atomistic level simulations stress this point further [26, 27].

However, it has been shown that it is possible to conduct an in situ study of the deposition 
parameters, deduce growth mechanisms, and reproduce the film performance from such sim-
ulations [28]. Accumulated experimental data are then utilized to converge atomistic models 
for accurate computational predictions [29]. The remainder of this section will discuss the 
accumulated experimental data on the corporeal control of the CBD process and its effects on 
film performance.

2.2. CBD experimental data

Two main deposition mechanisms dominate thin-film growth during CBD. The first, ion-by-ion 
(two dimensional) mechanism is the sequential reaction between ions to form clusters, shown 
in Figure 1(a).  Typically, this method produces highly stoichiometric crystals and can be finely 
controlled by the bath pH, temperature, and constituent concentrations. The second mechanism 
utilizing precipitation taking place in the bulk of the solution and known as cluster-by-cluster 
(three dimensional) growth is shown in Figure 1(b). In general, there is less control over this 
latter mechanism, with the resulting structures deviating from stoichiometry calculations, often 
containing interstitial traps and producing unique optical and electrical material properties.

It is widely reported that the optoelectronic performance of chemically grown thin films is 
strongly dependent on the deposition mechanisms [30]. To evaluate this, the nonintrusive 
method of spectroscopic ellipsometry (SE) could be used to analyze the role of bath param-
eters on the deposition mechanisms. The films could then be subsequently analyzed using 
more intrusive methods to better understand the full scope of the relationship.
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SE analysis revealed three growth stages. The first stage was a short induction time, during which 
time little or no observable growth took place. Some of the material was observed to precipi-
tate in the solution (although negligible amount showed adhesion to the substrate). The masses 
forming in the solution at this stage have not reached the critical diameter for crystallization. The 
second stage was a fairly linear growth period, dominated by the ion-by-ion mechanism.

This steady epitaxial growth produced highly compact stoichiometric films. The third stage 
was then dominated by the cluster-by-cluster mechanism in which clusters formed in the 
solution reached a critical size and could precipitate, producing a porous layer on top of 
the film. The porous layer typically established the surface roughness of the film. In some 
instances, this layer could be minimized by immediate washing following the chemical bath 
deposition [30]. Three distinct layers deposited by CBD are visible in the scanning electron 
microscope (SEM) images shown in Figure 2.

The nonintrusive SE measurements were used to study the effects of bath temperatures on the 
thickness of each layer. Data were collected on the films deposited at bath temperatures ranging 
from 55°C to 95°C. Physical models representative of the film structures were constructed con-
sisting of three layers of quartz glass. The porosity and chemical composition of each layer were 
adjusted until a high correlation between the experimental and measured data was achieved [28].

It was found that at low bath temperature (i.e., 55°C) nearly 85% of the structure consisted of 
a highly stoichiometric and compact thin film. The porous surface layers in such films were 

Figure 1. (a) Ion by ion and (b) cluster by cluster are the two dominating deposition mechanisms during chemical bath 
deposition. Ions permeate the solution precipitating on top of the substrate during growth in the ion-by-ion mechanism. 
As opposed to the cluster agglomerations forming in the bulk of the solution prior to attaching themselves to the 
substrate in the cluster-by-cluster mechanism.
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~1% of the entire structure thickness. This is indicative of substantial growth through the ion-
by-ion deposition mechanism, which overwhelmingly dominates at low bath temperatures. 
Increase in the bath temperature was accompanied by a steady transition to the cluster-by-
cluster mechanism. At a bath temperature of 95°C, the compact layer constituted ~60% of the 
entire structure thickness.

The porous layer made up the majority of the rest of the film assembly [28]. These results 
indicate the coexistence of the two deposition mechanisms taking place in the bath during 
film formation. At lower temperatures, the ions are less likely to saturate the solution allowing 
the two-dimensional mechanism to dominate the film growth. As the temperature rises, the 
ion concentrations saturate and begin to form particulates in solution, causing the ion-by-ion 
mechanism to be supplemented by cluster-by-cluster growth.

It was realized that if a clear correlation between the optoelectronic performance of films and 
their growth mechanisms could be established, optimization of film performance through 
efficient means in the bath could be achieved. The high-impact nature of establishing this cor-
relation prompted a significant amount of research on the topic.

One research topic of interest was the oxidation of the dangling bonds on the surface of stoi-
chiometric crystalline films, which could be studied using X-ray photoelectron spectroscopy 
(XPS). XPS spectra of a CdS thin film as deposited on an n-InP substrate and a corresponding 
film after a 1-minute treatment with a buffer oxide etch (BOE) are shown in Figure 3(a) and 
(b), respectively. The ratio of S:Cd prior to the 1 min BOE etch is found to be ~0.6 and increases 
to ~0.85 after the etch. These results reveal a thin (~30 nm) passivation CdO layer forming on 
top of the films [31]. Similar results have been widely reported in various materials deposited 
by CBD method [19]. Such stoichiometric structures are explained by the dangling bonds on 
the surface of the materials.

In general, the valence electrons deep in the bulk of the material are committed to the covalent 
bonds between the elements. Electrons near the film surface are less constrained, resulting in 
the dangling bonds. This allows for the ambient oxygen to oxidize the materials at or near 

Figure 2. (a) Planar and (b) cross-sectional SEM reveal tight crystalline structure with three distinct layers.
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the surface, resulting in a thin layer of oxide being formed [19]. This thin oxidation layer pre-
vents degradation of the films and introduces passivation properties in high-speed field-effect 
transistors. During subsequent depositions the layer acts as a buffer [31]. Oxidation removal 
from nanocrystalline thin films becomes an important step in efficiency enhancement of the 
monolithic structures, such as in CIGS. Similar passivation layer formations are not observed 
under three-dimensional (cluster by cluster) deposition mechanisms [28].

Optoelectronic performance of films is known to be heavily dependent on the crystalline 
structure of the materials [32, 33]. Crystallinity is of great interest for lattice matching in thin-
film devices such as CIGS. Extensive X-ray diffraction (XRD) studies of film structures have 
been conducted and revealed that crystallinities are highly dependent on deposition tem-
peratures. As an example, XRD data of CdS films deposited at various bath temperatures are 
shown in Figure 4. Lower deposition temperatures tend to deposit highly symmetric crys-
tals—zinc blende (cubic) in the case of the CdS. As the bath temperatures are increased, a 
noticeable shift from symmetric to asymmetric structures is observed—wurtzite (hexagonal) 
structures in the case of CdS.

Figure 3. XPS spectra of an n-InP sample with (a) 2 min CdS deposition at 75°C and (b) CdO removal with 1 min of BOE 
immersion.
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Under the three-dimensional deposition mechanism, much of the cluster agglomeration takes 
place in the bulk of the solution. These irregularly shaped clusters form the asymmetrical 
structures that attach themselves to the substrate. This is in contrast to the two-dimensional 
deposition mechanism which creates a uniform lateral expansion of the crystals. This contrast 
in film growth causes the structural differences produced by the two methods.

The cluster agglomeration, i.e., three-dimensional deposition mechanism, is expected to force 
interstitial trapping of the large cations in the bath. These trapped ions then act as dopants 
in the semiconductor, either releasing free electrons or introducing holes to the material. 
This drastically changes the optoelectronic performance of the films. Several groups pursued 
solid-state nuclear magnetic resonance (NMR) studies that substantiate this hypothesis. NMR 
analysis of three-dimensional deposited films reveals an increase in the peak intensity cor-
responding to cations intrinsic in the solution [28, 34].

These studies validate that the typically large cations of the inorganic thin films are trapped 
during the three-dimensional cluster agglomeration. Careful consideration of this phe-
nomenon may be used to optimize film performance without the use of extrinsic dopants. 
Conversion efficiencies have been shown to improve nearly 5% by the careful use of intersti-
tial trappings [34]. There is an additional challenge, however, that needs to be considered in 
order to achieve effective doping. Transition metals with large numbers of valence electrons 
are widely used as dopants in various inorganic thin films [35, 36].

Figure 4. XRD patterns for CdS samples deposited at various bath temperatures. Spectra reveal a shift towards the 
hexagonal structures at higher deposition temperatures.
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However, work in this field demonstrated a limit in the doping efficiency for these metals [37, 
38]. This is mainly due to formation of polyoxometalates between the transition metals and 
other ions in the chemical bath. The valence electrons that otherwise would be donated to the 
material are instead localized into formed complexes [39], which limit the doping efficien-
cies to ~1 donated electron per ion. This phenomenon is observed even in the materials with 
upward of seven valence electrons [37, 38]. Unpublished results from an ongoing study at the 
University of Virginia use interstitial iridium trapping to prove the possibility of overcoming 
theoretical doping efficiency limits.

Building on the aforementioned research, it is of great interest to tie the optoelectronic perfor-
mance of the films to the growth mechanisms in the bath. Highly stoichiometric films grown 
by the ion-by-ion deposition mechanisms possess properties typical of intrinsic materials. 
Deviation from stoichiometry (i.e., introduction of the cluster-by-cluster mechanisms) notice-
ably changes the film characteristics. A case study of CdS is presented below.

Thin films of CdS fabricated under various deposition mechanisms were widely studied to 
show that the cluster-by-cluster growth mechanism produces a blend of crystalline struc-
tures. As previously mentioned, the XRD data revealed the formation of a blended cubic/
hexagonal structures as temperature increased (Figure 4) [40, 41].

The refractive index (n) and extinction coefficient (k) over the range of deposition tempera-
tures were obtained utilizing multiwavelength ellipsometer and are shown in Figure 5(a) and 
(b), respectively. Two maxima in the refractive index located at ~280 and ~410 nm are visible 
in the films deposited at 55°C bath temperatures. There is a noticeable shift in the location of 
the maxima at higher bath temperatures. The two maxima in the latter cases are found at ~475 
and ~275 nm wavelengths. These maxima are well studied and understood to be the funda-
mental absorption peaks in the transition along Γ→A Brillouin zone (BZ) boundaries in the 
CdS structure [42]. The shift in the locations of the maxima, however, testifies to the structural 
changes taking place in the crystals. At low bath temperatures, the location of the maxima is 
found to match expectations for the cubic structured CdS.

At higher deposition temperatures, however, the maxima are located slightly below the 
expected locations for the hexagonal structures [43, 44]. A noticeable variation in the change 
of the onset of the extinction coefficient is also observed. This is suggestive of a change in the 
optical band gap. Such a shift has been widely reported and is attributed to the cubic-hexago-
nal transitions taking place in the CdS film structure [45]. In a greater context, the multiwave-
length analysis testifies that the ion-by-ion deposition mechanism favors the crystallization 
of highly symmetric structures, whereas the cluster-by-cluster deposition mechanism tends 
to produce asymmetry in crystallization and deviation from stoichiometry. However, the 
resulting structures are rarely of a single phase, and even at higher bath temperatures, the 
two-dimensional deposition mechanism contributes significantly to the overall structure of 
the film.

Changes in the crystallinity of the materials have a significant impact on the overall optical 
properties. Optical performance of the aforementioned CdS films was studied in an effort to 
understand the growth mechanism/optical performance relationship. Significant changes in 
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Figure 5. (a) Refractive index (n), (b) extinction coefficient (k), (c) reflectance, and (d) absorbance over a range of 
deposition temperatures.

the reflectance and absorbance spectra are observed with the rise of the hexagonal phase in 
the film, as shown in Figure 5(c) and (d), respectively. The three observed dips in the reflec-
tance and absorbance data coincide with the valence band splits in Γ9, Γ7, and Γ5 previously 
reported for CdS [46]. Reflectance is significantly higher in three-dimensionally grown films. 
The absorbance curve shows a steeper slope for the low deposition temperatures and a fairly 
flat absorption tail. These results suggest lower reflectance and higher absorbance of the sym-
metric structures deposited by two-dimensional mechanisms. Such results would be expected 
in the epitaxially grown films. The random distribution of the clusters produced by the three-
dimensional mechanisms scatters light resulting in less favorable optical properties.

Analysis of the electrical performance of CdS films deposited under different conditions was 
also conducted. Summary of the film’s electrical properties is shown in Table 1. Cd:S ratios 
were computed from the XPS spectra and validated using energy-dispersive spectroscopy 
(EDS). Cd and S constituted the majority of the film composition. Traces of C, Ca, and Na 
contaminants were also observed but in negligible amounts. As can be seen from the data, the 
films deposited at low bath temperatures are highly stoichiometric.

This is evident from the 1:1 ratio between the Cd2+ and S2− ions. Films deviate significantly 
from stoichiometry at higher bath temperatures, reaching ~1.67 Cd2+ ions per one S2−. This is 
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understood from the previous discussion of the interstitial trapping. The large Cd2+ ions are 
caught in the lattice, offsetting the Cd:S ratio; correspondingly, the electrical performance was 
observed to be enhanced.

For example, the carrier concentrations (n) increase over sevenfold. This is achieved without 
sacrificing the carrier mobility (μ) which also rises nearly four times. Resistivity (ρ) decreases 
over threefold as well. This phenomenon is contrary to the common empirical relationship 
between carrier concentrations and mobility [47, 48]. This is partially due to the larger grain 
sizes in the cluster-by-cluster grown lattices. More importantly, however, this is suggestive 
that unlike extrinsic doping, the interstitially trapped dopants contribute carriers without 
following the inverse proportional relationship between carrier concentrations and mobil-
ity. This is a significant result, allowing for semiconducting thin films to overcome current 
limitations.

2.3. CBD conclusions

From the presented research, it is evident that the growth mechanism during chemical bath 
deposition can follow several routes during the fabrication of thin film, which can affect their 
performance. Careful study of the deposition mechanisms allows for a controlled deposition 
of the film with the desired optoelectronic properties. Furthermore, control of the growth 
mechanism can allow for the theoretical doping limits to be overcome and for the exploita-
tion of novel film regimes. All of this can be achieved simply by controlling the deposition 
temperature with negligible changes in the deposition costs.

3. Chemical vapor deposition (CVD)

CVD is another promising chemical deposition method for the production of high-quality thin 
films. Although this method was developed and studied since the 1960s, the recent interest in 
organic and two-dimensional semiconductors has reinvigorated the field. Perhaps, the most 
attractive characteristic of CVD is just how effective and versatile it can be [49]. Nanostructured 

 

Deposition temperatures (°C)

55 75 95

Ratio Cd:S 1:1 1:0.90 1:0.59

Optical band gap (eV) 2.43 2.45 2.49

n (cm−3) × 1017 1.1 5.9 8.1

μ (cm2 V−1 s−1) 8.2 10.0 32.5

ρ (Ω cm) 33.5 30.7 9.3

Table 1. Deposition temperatures and film parameter summary [28].
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graphene, carbon nanotubes, CH3NH3PbI3 perovskites with applications in optoelectronics, 
solid oxide fuel cells, batteries, sensors, and high-performance organic photovoltaics are all 
manufactured using CVD [50–52]. Moreover, this method has been shown to be adaptable for 
the deposition of a single-layer material and scalable for mass production [53, 54]. Another 
advantage of CVD is the conformity of the deposited films (i.e., the thicknesses and grain sizes 
near the substrate edges are comparable across the sample) [55]. Hence, such films can be 
deposited on elaborate shapes, inside underlying features, and in high aspect ratio holes. Thus, 
there are virtually no limits to the types of films that may be deposited using this method. 
CVD does not discriminate between transition metals, heavy metals, organics, and inorgan-
ics and has the ability to deposit all of these without distorting the structures of the films. 
Additionally, cost-effective distillation of the precursors allows for deposition of high-purity 
films. The power of this method cannot be overstated. Chemical vapor methods yield to chem-
ical bath only in the areas of deposition surface size and the equipment cost.

3.1. CVD theoretical considerations

CVD is influenced by numerous factors. For example, the type, shape, size of the reactor, gas 
flow, flow rates, flow order, arrangements coating, and substrates all affect the overall deposi-
tion results and mechanisms. The deposition reactions themselves may require complicated 
reaction schemes, involving pyrolysis, reduction, oxidation, disproportionation, hydrolysis, 
or some combination of each [56]. Despite the various approaches to CVD, in general, the 
results are achieved in a linear sequence. First, reagents are applied to the substrate to create 
an initial kinetic barrier. This barrier needs to be permeated by the gaseous diffusion prior to 
the preliminary reactions. Initial absorption then takes place on the substrate surface followed 
by reactions among the chemical constituents which results in nucleation. As with the CBD 
study, careful consideration of the CVD experiments allows for an effective tunability of the 
film characteristics. Here, we present a short theoretical discussion.

In general, the flow of the gases is assumed to be laminar, with zero velocity near the surface 
of the substrate, and increasing linearly to a constant value at some distance from the sub-
strate. In such an approximated case, the boundary layer theory (BLT) is used for the study of 
the reaction dynamics [57]. This approach couples the chemical and mass transport processes 
on the heated substrate surface with a gas flow.

The free energy of the chemical reaction is analogous to Gibbs free energy and may be easily 
shown to be

  ΔG =   ∑ 
i=1

  
#products

   Δ  G  products   −   ∑ 
i=1

  
#reactants

   Δ  G  reactants    (4)

where ∆G is related to the equilibrium constant kp:

  ΔG = 2.3RT log  ( k  p  )   (5)

Due to vapors utilized in the CVD process, the equilibrium constant is related to the partial 
pressures of the reactants and products. It is of greater interest, however, to relate the equi-
librium constant in terms of concentrations. This is achieved using the ideal gas law [58]. The 
resulting free energy of the system consisting of g gaseous and s solid phases is thus
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where ∆G is related to the equilibrium constant kp:

  ΔG = 2.3RT log  ( k  p  )   (5)

Due to vapors utilized in the CVD process, the equilibrium constant is related to the partial 
pressures of the reactants and products. It is of greater interest, however, to relate the equi-
librium constant in terms of concentrations. This is achieved using the ideal gas law [58]. The 
resulting free energy of the system consisting of g gaseous and s solid phases is thus
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  ΔG =   ∑ 
i= n  g  

  
g
     [ n  g   Δ  G  g   + RT ln  (P)  + 2T ln  (  

 n  g   ___  N  g  
  ) ]  +  ∑ 

i=1
  

s
     n  s   Δ  G  s    (6)

where ng and ns are the number of moles of a particular reagent in the gaseous and solid state, 
respectively, and Ng is the total number of moles of all gaseous components. P and T are the 
total pressure and temperature, respectively. The ΔGg and Gs are the free energy of formation 
at specific temperatures for the gaseous and solid species, respectively. Thus, the equation can 
be solved iteratively for the free energy minima, i.e., the point at which nucleation will com-
mence. An analysis of the equation also reveals that the reagent concentrations can be offset 
by the pressure and temperature in the CVD chamber.

Hypothetically, it should be possible to conduct thin-film growth at low pressures and tem-
peratures with high reagent concentrations; although such an approach would not be most 
efficient from the chemical perspective, it would, however, help alleviate the requirement for 
sophisticated equipment. Further, the low-temperature approach allows for the deposition 
of highly sought organic materials. Of course, there is also a limit to the operability tempera-
tures, since at some pressure and temperature the molecular gases will liquefy.

The analogousness between the CBD and CVD methods should be obvious from the brief 
theoretical introduction. The free energy of the chemical reaction, Eq. (6), shows that reagent 
concentrations, pressure, and temperature are the control parameters of interest in CVD. 
Thus, similar to CBD method, the optoelectronic performance of the CVD grown films will 
depend heavily on the deposition parameters and mechanisms.

3.2. CVD experimental data

Low vapor temperatures result in less random scattering of reagents; thus, clusters, ~10 μm in 
diameter, form in the flowing gas prior to reaching the substrate. These clusters then coalesce 
on the surface of the substrate. The formation of CH4/H2 clusters is shown in Figure 6(a) and (b) 
[59]. The semisolid state of the clusters allows for coagulation with other clusters as they hit the 
substrate. In this case thermal diffusivity of the materials will determine the final structure of 
the materials [60]. In materials with low thermal diffusivity, e.g., organics, the structure result-
ing from the cluster-by-cluster deposition is similar to that of epitaxial growth. Consequently, 
materials with low thermal conductivity can be deposited at low temperatures. Thus, it fol-
lows that theoretically it may be possible to achieve firm crystalline structures and optimal 
optoelectronic performance of the films without the need for high deposition temperatures.

 Figure 6. SEM images of carbon cluster formations on mirror-polished substrates.
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Reagent concentrations also greatly affect the structural quality of the materials and their 
optoelectronic performance. For example, graphene deposited under high reagent concen-
trations showed high disorder, requiring synthesis of additional layers [61]. Raman analy-
sis of graphene deposited under various methane concentrations partially reveals the causes 
behind the phenomenon, as shown in Figure 7. The data reveal an upshift of ~5 cm−1 and a 
downshift of ~6 cm−1 in the D and 2D peaks, respectively. Extensive research on such peak 
dispersions was shown to be caused by the formation of additional graphene layers [62].

Furthermore, a significant increase in the D peak intensity is observed. This is typical of an 
increase in disorder [63]. The types of the disorders, whether layer or defect related, remain 
to be determined. Cumulatively, the results show that an increase in reagent concentrations 
produces mismatched layers and film defects. This causes anharmonic interactions between 
the phonons and electron-hole pairs [64], having a significant impact on the performance of 
such films. It is of great interest to conduct further research in minimizing layer mismatches 
and film defects. At present, this work is ongoing.

Preliminary results of the CVD flow rates and gas purity studies also show an effect on the 
optoelectronic performance of chemically deposited films. This research, however, is in the 
infancy stage and requires further analysis and effort.

There is a great potential for the efficient optimization of the optoelectronic performance of CVD 
deposited materials. Significant additional research into the deposition parameters and their 
effects on the growth mechanisms and optoelectronic performance will be required to fully under-
stand the effects of each deposition parameter. It is expected that these issues will be resolved in 
the near future, allowing for effective optimization of these types of advanced materials.

3.3. CVD conclusions

In the optimization of CVD materials, thus far, the growth mechanisms have not been completely 
elucidated. There is, however, a strong correlation between the optoelectronic performance and 

Figure 7. Raman spectra of CVD synthesized graphene with a Cu catalyst and SiO2 substrates.
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the deposition parameters. Much more research in the field of CVD modern-advanced materi-
als is required but, once solved, will allow for an efficient optimization of such films.

4. Conclusion

This chapter discussed the growth mechanics, characteristics, and optimization of the opto-
electronic performance in the chemically deposited materials. Two methods of interest are the 
chemical bath and chemical vapor depositions. Much more work has been completed in the 
field of CBD, but CVD is showing great promise in the deposition of novel advanced materials. 
The growth mechanisms are well understood for the chemical bath but remain to be elucidated 
for chemical vapor.

Once the growth mechanics are firmly established, it is possible to manipulate the chemical com-
position and other deposition parameters to efficiently optimize the optoelectronic film perfor-
mance. Such results are abundant for the chemical bath, as is evident from the CdS case presented 
above, while for chemical vapor deposition, the research is ongoing. Each of these technologies 
is continuing to find uses in increasingly complicated manufacturing applications. It is expected 
that the ongoing research will enable new technologies for a wide variety of applications.
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Abstract

Many efforts  have been made over the last  decades to improve and develop new
technologies for cement and chemical industries that can provide materials that are
more durable and cost efficient, stronger and less environmentally harmful. Studies at
small scale in cementitious materials usually require special sample preparation, which
can damage the material and mislead the analysis. In nanoscale experiments, several
techniques require samples to be extremely thin, while others need the samples to be
very flat. The possibility of using thin films of clinker phases in cement research opens
far-reaching  opportunities  for  the  development  of  this  material  and  the  materials
associated to this. Testing different evaporation parameters, the deposition of films with
a few tens of nanometers in thickness was achieved for all the clinker phases individu-
ally. This chapter will present the attempts for synthesizing thin films of all main clinker
phases by the use of  electron beam evaporation technique,  as well  as data on the
hydration of the calcium silicate thin, flat and homogeneous samples. Changes are
tracked chemically and mineralogically. This study redirects cement science to new
perspectives of understanding the nanostructure of cement products. This leads to basis
for developing stronger and more durable cement-based materials.

Keywords: cement, clinker phases, thin films, electron beam evaporation

1. Introduction

The Portland cement is an inorganic material, which results from burning and grounding of a
raw material containing CaO, SiO2, Al2O3 and small quantities of other materials. Its mixture
with water results in a cement paste that sets and hardens due to a reaction called hydration.
The result is a strong material that is stable even under aqueous conditions.
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Cement hydration reactions take place simultaneously and in a very complex way, and
understanding the behavior of such systems, with the ultimate purpose of improving dura-
bility, strength, cost and environmental impact, often requires studies at nanoscale [1].

These experiments in cementitious materials normally involve special sample preparation that
can damage the material, change its properties or make it difficult to run analysis due to certain
morphological characteristics of the material.

X-ray photoelectron spectroscopy (XPS) requires no special sample preparation for measure-
ments, allowing progressive ion milling and analysis of flat surfaces to follow the progress of
surface reactions [2]. In addition, in situ analyses of samples provide information not only
about chemical composition but also changes in the coordination state of the elements; this has
been successfully used to follow the progress of cement hydration reactions and subsequent
polymerization of the materials [3–11].

Clinker is composed mainly of calcium silicates, calcium aluminate and calcium aluminofer-
rite. Its hydration is a very complex process, involving several phases and the formation of
secondary products. Subsequently, properties of concrete are governed by processes at a
molecular level with single-crystal formation. Thus, the durability and behavior of concrete
during its service life strongly depend on its nanostructure.

Here, electron beam evaporation methods have been used to evaporate different clinker phases
individually to synthesize thin films in an effort for producing samples suitable for nanoscale
studies of cementitious materials and avoiding typical problems of sample preparation when
studying these materials. This kind of sample permits elemental studies intending to design
the behavior of each phase individually and the cement itself, at nanoscale, providing tools for
understanding and changing the materials characteristics, looking forward to obtain better
performance and durability.

Thin films techniques are widely used to produce ceramic films in the semiconductor,
aerospace and optics industry, but thus far have not been applied to clinker phases. This study
is an effort to develop integrated tools that allow improving the knowledge of early stage
clinker phases’ hydration at the molecular level and with this to better understand the behavior
of these materials. With this, this work is aimed at producing clinker phase thin films suitable
for hydration studies using electron beam evaporation techniques. Evaporation of each phase
was repeated several times in order to optimize the most favorable experimental conditions
and assess the reproducibility of the process.

2. Synthesis of clinker phases’ thin films

This session describes the attempt to synthesize thin films of the four main clinker phases by
means of electron beam evaporation and the outcomes. Clinker is the product from the
sintering of limestone and clay during the cement manufacturing, composed mainly of four
components: tricalcium silicate (C3S), β-dicalcium silicate (C2S), tricalcium aluminate (C3A)
and ferrite (C4AF). Notation is the standard used in cement chemistry. Commercially available
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clinker phases were used here as bulk material. All the components were 3600 cm2/g, with free
lime content below 0.5%.

Thin films were prepared with electron beam evaporation by sending a current through a
tungsten filament outside the deposition zone to avoid any contamination. The filament is
heated until the start of the electrons thermionic emission. Magnets focus and direct the
electrons toward the bulk material that is in a constantly cooled crucible. When the electron
beam hits the evaporant's surface, kinetic energy is converted into heat, releasing high energy.
The evaporant boils and evaporates, condensing on the substrate and all surfaces inside the
vacuum chamber. Thicknesses of the films are a function of irradiation time, estimated by an
in situ quartz deposition controller.

The bulk powder phases were placed in crucibles previously cleaned with isopropyl alcohol
and mounted in a vacuum chamber Univex 450B Oerlikon Leybold in a clean room. A power
supply controller Telemark with a beam generating system and beam deflection unit with
electromagnetic deflection for the x- and y-axis was used in the electron beam evaporator.

Sample Crucible Pressure (mbar) Power (%) I (Amp) Voltage (Kv) Vel0 (Å/s)

C3S Graphite 3.6–3.7 × 10-4 3–6 0.016–0.030 7.37–7.40 0.4–1.2

C2S Graphite 3.6–3.8 × 10-4 6–10 0.022–0.050 7.30–7.42 1.1–2.5

C3A Graphite 3.6 × 10-4 8–9 0.030–0.037 7.28–7.33 1–2.4

C4AF Boron nitride 3.8–4.2 × 10-4 6–11 0.018–0.056 7.26–7.32 0.1–4

Table 1. Parameters for each evaporation.

Silicon wafers with a 100 crystallographic orientation were used as deposition substrate, placed
in a plate 30 cm above the crucible and held by metallic clips, and kept at ambient temperature.
At a stable pressure, 4 sccm of a mix of 50% oxygen and 50% argon was inserted into the
chamber to compensate the possible oxygen lost. Parameters used for each evaporation are
listed in Table 1. The temperature in the silicon wafers was monitored and showed to be
constant at room temperature during all the process; however, it is not possible to confirm the
temperature achieved in the bulk sample during the evaporation.

Sample Thickness (nm)

C3S 280

C2S 200

C3A 200

C4AF 60

Table 2. Thicknesses of the thin films.

Each sample behaved differently when bombarded by the electron beam: calcium silicate
powders sublimated and did not liquefy, while during the evaporation of calcium aluminates,
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the powder seemed to liquefy and higher intensities caused blasts. The resulting thin films had
the thickness described in Table 2, measured with a profilometer.

X-ray diffraction (XRD) investigations of the bulk material were carried out in a Bruker D83
Advanced diffractometer operated at an accelerating voltage of 40 keV on a CuKα anode,
irradiation intensity of 40 mA and 40 scans in steps of 0.02°/s, and results are described in the
next section.

Sample Peak position (eV) and (FWHM)

Ca 2p 1/2 Ca 2p 3/2 Si 2p O 1s Al 2p Fe 2p

C3S bulk 350.2 (2.5) 346.8 (2.46) 101.0 (2.83) 530.1 (2.35)

531.6 (2.80)

C3S thin film 350.2 (1.85) 346.8 (2.07) 98.2 (1.81) 529.8 (1.69)

351.1 (1.85) 347.5 (2.41) 100.6 (1.83) 531.2 (2.57)

102.4 (2.48)

C2S bulk 350.3 (2.41) 346.7 (2.28) 101.0 (2.68) 530.1 (2.23)

531.6 (2.75)

C2S thin film 350.4 (2.24) 346.8 (2.13) 100.8 (2.08) 530.0 (1.59)

101.7 (2.70) 531.3 (3.02)

C3A bulk 350.3 (2.43) 346.8 (2.28) 531.4 (2.15) 73.2 (2.48)

C3A thin film 350.6 (2.17) 347.0 (2.05) 531.5 (2.24) –

533.4 (2.19) –

C3A crucible 350.4 (2.03) 346.9 (2.05) 529.7 (1.5) 73.6 (1.72)

530.6 (2.92) 74.1 (2.25)

C4AF bulk 350.4 (2.25) 346.9 (2.11) 529.0 (1.95) 73.1 (2.32) 710.2 (2.60)

711.8 (3.33)

531.1 (2.68) 723.8 (2.29)

725.2 (3.43)

C4AF thin film 351.1 (2.24) 347.6 (2.44) 529.8 (1.45) – 710.4 (2.91)

712.6 (2.92)

530.7 (2.82) 723.9 (2.57)

725.8 (3.80)

C4AF crucible 349.9 (2.51) 346.4 (2.51) 529.4 (2.13) 73.2 (1.92) 709.8 (3.70)

531.4 (2.12) 723.0 (3.41)

Table 3. Peak position and (FWHM) for all samples.
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On the other hand, due to the small diffracting volumes, which result in low intensities
compared to the substrate and background, mineralogical phases on thin films are difficult to
be identified. GIXRD allows increasing the intensity of the signal produced from the film by
increasing the path length of the incident X-ray beam through it, so that conventional phase
identification analysis can be run [12–14]. GIXRD experiments were performed using a Bragg-
Brentano Siemens D-500 X-ray diffractometer at 45 kV accelerating voltage, on a CuKα anode,
with 40 mA irradiation intensity and 0.05°/s steps, with an incident angle of w = 0.4°. No
monochromator was used to increase the signal. Different detector apertures were used for
each sample, depending on their size.

Chemical composition of a material's surface was assessed by XPS, which works by irradiating
the sample with a X-rays beam and measuring both the kinetic energy and the number of
electrons escaping from its surface.

Chemical composition of the thin films was verified using a SPECS™ X-ray photoelectron
spectroscopy system equipped with an XR50 Al anode source operating at 150 W and a Phoibos
MCD-9 detector. Spectra were recorded with pass energy of 25 eV at 0.1 eV steps at a pressure
below 10-9 mbar.

For analysis of the bulk material, powder was pressed into pellets and fixed onto holders with
a copper tape, same fixing as the silicon wafers with the thin films. For each sample, general
scan was repeated three times, and specific high-resolution scans were carried out for elements
of interest, such as calcium, silicon, carbon, oxygen, iron and aluminum. Data were extracted
from the spectra via peak fitting using CasaXPS™ software. Shirley background was assumed
in all cases. The adventitious carbon peak at 284.8 eV was used for correction of the charging
effects. Three scans with a passing energy of 5 eV were carried out for the acquisition of each
pattern.

XPS binding energies (BEs) and full width half maximum (FWHM) peak parameters are
shown in Table 3.

2.1. Calcium silicates

The similarity between the GIXRD patterns of the bulk material and the XRD of the thin film
(Figure 1a) strongly suggests that the evaporated and recondensed material keeps the
mineralogical composition of the original bulk material. Even with the relatively faint signal
observed due to the thickness of the film and the high noise level, the presence of the most
intense peaks of C3S (at 32.07°, 34.29° and 32.33°) is clearly noticed as a broad peak in the
pattern. This broadening in the peaks has been observed in several other researches when
working with thin films, specially using Bragg-Brentano configuration [15–17]. This is likely
due to the thin film's poor crystallinity.

Similarly to C3S, the C2S samples show a strong match between the diffraction patterns of bulk
material and thin film (Figure 1b). The same low signal and high noise are observed, but the
presence of the most intense peaks of C2S (at 31.98°, 32.38° and 40.55°) is coincident with the
broad peak in the thin film spectrum, suggesting that the evaporated material keeps the bulk
mineralogical composition. Even the broad peak at low degrees is observed in both spectra,
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which can be either due to the presence of amorphous material or an artifact of the technique
due to the small size of the sample.

Figure 1. (a) C3S powder (top) and grazing incident angle (bottom) XRD from the bulk and thin film samples, respec-
tively. (b) C2S powder (top) and grazing incident angle (bottom) XRD from the bulk and thin film samples, respectively.

Figure 2. Top: XPS spectra of the C3S (top) and C2S (bottom) bulk material and thin film. Thick lines are the spectra
collected, while the thin lines are the background and the result of peak fitting.
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On the other hand, a comparison between XPS patterns from bulk material and the thin film
shows that the elements are present in the same elemental coordination state. Some changes
are noticed though, as an additional calcium peak at 351.1 eV, which can be related to pre-
hydration on the surface due to the contact with the atmosphere. The same behavior was
observed in previous researches [3, 4]. This is confirmed by the silicon peak, which presents a
split into two peaks at 102.4 and 100.6 eV. This shift to higher BE is related to pre-hydration
and the formation of C-S-H [18]. At the same time, there is the presence of a peak related to
the metallic silicon from the thin film (98.2 eV), which is associated with the substrate and is
probably due to the porosity of the layer, despite its thickness (Figure 2); hence, reaction with
the substrate cannot be totally discarded [19]. Changes in the oxygen peak positions are also
related to this pre-hydration effect.

Likewise, XPS results assure that the evaporated C2S chemical material is very similar to the
bulk material, with the peaks located at the same BE and with similar FWHM values (Figure 2),
and the appearance of a new silicon peak, together with the slight shifts in the oxygen peaks
energy, can also be attributed to the substrate as well as to pre-hydration. On the other hand,
magnesium (a minor component in the original bulk material) is also detected in the thin film
spectrum.

2.2. Calcium aluminates

C3A films exhibit better-defined GIXRD peaks (Figure 3a), less noise and higher intensity than
the silicate samples. This is due to the larger sample used for the test, which provides larger
area for analysis, since the detector aperture can be larger, allowing more signal to be collected.
In this case, the film produced from the evaporation of C3A was formed by other phases
(including calcite, lime and portlandite; Figure 4a), but no phases with aluminum are
identified.

The evaporated C4AF has a similar behavior to C3A. In this case, the GIXRD spectrum is not
conclusive as it is extremely noisy and indicates the formation of amorphous materials
(Figure 3b). For the bulk material, the peaks correspond to Brownmillerite, or C4AF, except for
one peak at 18.11°, which may be related to the presence of Fe3O4, which cannot be discarded,
as discussed later in the XPS analysis.

Diffraction data are confirmed by the XPS analyses, which show that the calcium is deposited
in similar chemical state as in the bulk material (shifts of 0.2–0.3 eV), but the aluminum peak
does not appear in the thin film spectrum, meaning that it did not recondense on the substrate
(Figure 4).

C4AF bulk and thin film present Fe 2p peaks with two components, indicating the presence of
two compounds (Table 3, Figure 4). The BE themselves are not conclusive of what compounds
are present, as the observed BEs are similar to the ones of Fe2O3, Fe3O4 and FeO. While the Fe
2p components at lower BE present negligible changes from the bulk to the thin film, the second
component at higher energies presents significant changes (about +0.7 eV); this indicates strong
bonding changes in iron after the evaporation. Since differences in the O 1s BE are observed
as well by shifts of +0.4 and +0.8 eV, differences between this two samples are clear. Finally, Ca
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2p peaks shift to higher energies by +0.7 eV, indicating again differences in the thin film
material.

Figure 3. (a) C3A powder (top) and grazing incident angle (bottom) XRD from the bulk and thin lm samples, respec-
tively. (b) C4AF powder (top) and grazing incident angle (bottom) XRD from the bulk and thin lm samples, respective-
ly.

Figure 4. XPS spectra of the C3A (top) and C4AF (bottom), for their respective bulk material and thin film. Thick lines
are the spectra collected, while the thin lines are the background and the result of peak fitting. XPS spectra for Ca 2p, O
1s, Al 2p and Fe 2p (for C4AF only) are shown.
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Analysis of the material left in the crucible after the evaporation of C3A shows the presence of
tricalcium aluminate and mayenite (Ca12Al14O33 or C12A7; Figure 5a). C12A7 is formed from the
phase that liquefied during the evaporation, indicating at least partially incongruent evapo-
ration of C3A, yielding to an evaporate/condensate that is substantially richer in Ca (note that
the Ca/Al ratio of mayenite is 0.86, about 3.5 times lower than that of C3A, and hence, the Ca
enrichment of the evaporate can be inferred). The presence of portlandite and calcite in the
thin films can therefore be interpreted as partial hydration and carbonation of a Ca-rich phase
upon atmospheric exposure (although limited) of the thin films.

Figure 5. XRD of the residue left in the crucible after the evaporation of (a) C3A and (b) C4AF.

Figure 6. XPS spectra of the material left in the crucible after evaporation of C3A (top) and C4AF (bottom). Thick lines
are the spectra collected, while the thin lines are the background and the result of peak fitting.
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The absence of Al in the XPS spectra (Figure 6) could be due to some reaction scavenging from
the silicon substrate, leading to aluminosilicates, similarly to what has been observed by Toda
et al. [19] during production of C12A7 thin films. However, XPS data do not show any evidence
of silicon, while reaction at deeper regions cannot be excluded, as on XPS the X-rays only
penetrate a few nanometers on the surface.

Before completion of C3A evaporation, a liquid phase formed while, probably, the bulk material
was being converted into a mix of solid CaO and liquid calcium aluminate, with higher
aluminum content than the initial C3A. Possibly, only the solid phase evaporated and became
the precursor of the generated thin film, since no aluminum is observed there.

The BE of the calcium peaks does not present relevant shifts from those in the bulk material.
However, oxygen and aluminum peaks in the melt residue in the crucible present significant
changes in both BE and FWHM (Table 3, Figure 6), which indicates a different coordination
state.

Electron beam bombardment of C4AF led, as in the case of C3A, to the formation of a liquid
phase, with a higher concentration of aluminum than in the bulk material. The phase diagram
of CaO-Fe2O3-Al2O3 [20] shows that, when there is an incomplete fusion, the equilibrium is
reached with a Ca2(Al,Fe+3)2O5 phase with higher content of Fe (solid) and one liquid phase
mix of CaO.Al2O3, without Fe. Analogous formation happens in the C3A at up to 1542°C, when
the equilibrium is reached for CaO solid + liquid (∼40%wt of Al2O3 + CaO).

XRD patterns of the bulk material (Figure 3a) and the residue left in the crucible after the
evaporation (Figure 5a) are remarkably similar. The main component in both materials is
brownmillerite (Ca2(Al,Fe+3)2O5); however, the presence of Fe3O4 or Ca2Al1.38Fe0.62O5 cannot be
discarded.

In fact, Taylor [20] stated that “iron-rich mixes tend to lose oxygen when heated in air above
1200–1300°C, with consequent replacement of hematite by magnetite (Fe304),” which is in
accordance with the observations here, even though it was not possible to verify the temper-
ature in the crucible during the evaporation.

Likewise in the C3A sample, during the evaporation of C4AF, the material in the crucible melted
and there were eruptions, as well as there was no aluminum in the film. That means the residue
left in the crucible has to be richer in aluminum. Again, as observed for the C3A sample, reaction
with the substrate at deeper regions, as observed by Toda et al. [19], cannot be discarded.
However, no XPS signal of silicon can be detected, suggesting that such a reaction does not
occur.

In the same way, the XPS analyses for the material left in the crucible after the evaporation of
the C4AF (Figure 5b) present a strong difference when compared to the initial bulk material:
Fe 2p peak presents only one component at 709.8 eV (Fe 2p3/2) and 723.0 eV (Fe 2p1/2),
meaning important changes happened in the chemical/electronic state of this element. O 1s
presents BE shifts of +0.3 eV and Ca 2p of -0.5 eV, while BE of Al 2p is similar to the starting
material (Table 3).
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The XPS 2p spectra of Fe, as other transition metals, present complex lineshapes due to the
electrons exchange interaction effects, as well as electron correlation effects [21]. Normally, Fe
2p peaks are broad, asymmetric and may contain satellites, which are observed here as well.

On the other hand, for iron oxides, the O 1s BE is expected to increase with a decrease in the
oxidation number of the cation of the same metal; it is observed here an increase in O 1s BE by
+0.3 eV from the bulk to the material left in the crucible. At the same time, Graat and Somers
[22] describe an increase in BE for increase in oxidation state of iron; here, this is very much
evident as with the existence of only one iron component, which still presents a BE lower by
-0.4 eV than the Fe 2p peak with the lowest BE in the bulk material (709.8 vs 710.2 eV),
suggesting a decreasing in the oxidation state for the material left in the crucible (Table 3).

This may explain the possible existence of Ca2Al1.38Fe0.62O5, besides the brownmillerite, in the
material in the crucible, as XRD could suggest. This compound was also observed by Vázquez-
Acosta et al. [23].

The phase diagram for the C4AF partial fusion relates to a solid phase C2F (2CaO.Fe2O3) and a
liquid with composition similar to the Ca2(AlxFe1-x)O5, in direction to phases with higher
aluminum concentration than the C4AF itself. As underlined by Taylor [20] “for bulk compo-
sitions in the Ca2(AlxFe1-x)O5 series, the liquid is of higher Al/Fe ratio than the ferrite phase with
which it is in equilibrium.”

3. Hydration of calcium silicate thin films

Calcium silicates’ hydration happens over a dissolution-precipitation process that may occur
through the formation of etch pits, where the calcium silicate hydrate (C-S-H) preferentially
precipitates, together with calcium hydroxide (portlandite or CH), the two hydration products.
C-S-H is the main product formed by the hydration of the calcium silicates and responsible
for the strength of the cement paste. It is mostly amorphous, and the dashes indicate a
disordered structure. Its particle density was found by Gauffinet et al. [18] to be in the order
of 2500 kg/m3.

At the molecular level, C-S-H has a structure similar to the tobermorite (Ca5Si6O16(OH)2∙8H2O)
and jennite (Ca9Si6O18(OH)6∙8H2O), rare minerals found in nature. Most of the models predict-
ing the C-S-H nanostructure involve elements of jennite-like or even tobermorite-jennite
structures [26].

After running the initial pattern presented previously (Figures 2 and 3), C3S and C2S dry thin
film samples were hydrated separately in a reaction chamber that was located in the same
vacuum line as the XPS, hence avoiding any hydration and/or carbonation from the contact
with the atmosphere. Saturated water vapor with argon as a carrier was inserted at 20 mL/min.
Prior to hydration, the system was purged for 5 min to avoid any contamination.

XPS analyses of the hydrated 110-nm-thick C3S thin film are presented in detail in Ref. [3].
Results show, after 3 h of exposure to water vapor, a shift in the Si 2p peak of about 0.7 eV (from
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101.9 to 102.6 eV) (Table 4), while the literature reports lower BE for this peak (100.57 eV in
fresh C3S, [6]). This indicates a progressive disordering of the silicate structure, which denotes
the C-S-H formation.

Time

(mins)

Peak positon (eV) Ca/Si ratio

Si 2p δCa 2p‐Si 2p Ca 2p 3/2 Ca 2p/Si 2p

0 101.9 (2.5) 245.2 346.8 (2.7) 3.4

2 101.9 (2.4) 245.3 347.0 (2.7) 3.4

7 102.2 (2.4) 245.1 347.1 (2.6) 3.4

12 102.4 (2.5) 245.0 347.3 (2.6) 3.4

17 102.4 (2.5) 244.9 347.3 (2.6) 3.4

27 102.6 (2.6) 245.0 347.4 (2.5) 3.8

42 102.5 (2.5) 244.9 347.4 (2.5) 3.6

62 102.6 (2.5) 244.9 347.4 (2.5) 3.6

122 102.6 (2.5) 244.6 347.2 (2.5) 3.5

182 102.6 (2.5) 244.6 347.2 (2.5) 3.6

Table 4. Evolution of binding energies and peak width (FWHM) of Si and Ca, Ca-Si peak distance and Ca/Si ratio
during vapor hydration of C3S.

The measurement of the energy separation δCa 2p-Si 2p between the Ca 2p 3/2 and Si 2p peaks
minimizes errors due to the charge correction and provides reliable information on chemical
changes [8, 24]: Shifts on Si peaks to higher BE due to the progressive hydration of C3S lead to
reduction in the distance between the peaks of calcium and silicon, as there is a polymerization
of the isolated silicate tetrahedra upon formation of C-S-H, and/or carbonation [9]. However,
the formation of calcium carbonate is unlikely to occur here due to the nature of the experi-
ments. Initial δCa 2p-Si 2p values found here (245.3 eV) are lower than those from the litera-
ture [6, 24, 25]; however, the decrease in the Ca-Si distance after 3 h of hydration of C3S (δCa
2p 3/2 - Si 2p = 0.6) is identical to that found by [24] after 4 h.

In the same way, the molar Ca/Si ratio of the newly formed hydrates Ca/Si ratio remains the
same, as the expected isochemical conditions of the experiment. The excess Ca content (Ca/Si
of about 3.5 vs. 3.0 of stoichiometric tricalcium silicate, Table 4) during the early hydration can
be related to fast partial hydration and carbonation of the upper few nanometers of the sample
during manipulation under atmospheric conditions prior to the experiments.

However, peak deconvolution of the Ca 2p 1/2 peaks shows contributions from carbonates
and silicates: Calcium silicates have Ca 2p BE slightly higher than those of calcium carbo-
nates. Considering only the calcium related to silicates in this equation, the Ca/Si ratio
drops from the initial 1.6 to 0.5, as hydration progresses. Such low values indicate a pro-
gressive polymerization of silicate tetrahedra and subsequent increase in C-S-H chain
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length, equivalent to an increase in SiO2 content [9, 26]. These results agree with Taylor [26],
who suggests that the first precipitate is a jennite-like material, with a Ca/Si ratio of about
1.5, evolving to a tobermorite-like material as the hydration progresses. Detailed informa-
tion on the tobermorite and jennite structure can be found elsewhere [20, 26].

The same experimental procedure was used for the hydration of a 200-nm-thick C2S thin film
(presented in detail in [4]), which, with exposure to water vapor, shows a similar drift of the
main Si 2p peak, from 101.2 to 102.6 eV, denoting the disordering of the silicate structure related
to progressive C-S-H formation (Table 5). This shift is accompanied by a peak broadening at
higher ages, forming an additional peak at around 100.2 range, same as described by Black et
al. [6], where a Si 2p 3/2 BE of 100.8 eV is observed for the fresh C2S and followed by two peaks
at 102.44 and 100.51 eV, which are seen for the aged sample. The peak at lower energies is
related to unaltered β-C2S, while the peak at higher binding energy is assigned to a calcium-
depleted C-S-H phase.

Age (min) Binding energy (eV) and (FWHM) Ca‐Si distance (eV) NBO‐BO distance (eV)

Si 2p Ca 2p 3/2 O 1s NBO O 1s BO δCa 2p‐Si 2p δNBO‐BO

0 101.2 (2.6) 347.0 (2.1) 530.1 (1.5) 531.4 (3.0) 245.8 1.3

2 101.4 (2.6) 347.1 (2.1) 530.3 (1.4) 531.5 (3.1) 245.7 1.2

7 101.7 (2.7) 347.3 (2.6) 530.4 (1.5) 531.7 (3.0) 245.7 1.3

12 101.6 (2.8) 347.3 (2.2) 530.3 (1.3) 531.7 (3.1) 245.7 1.3

17 101.8 (2.9) 347.5 (2.1) 530.3 (1.2) 531.9 (3.0) 245.8 1.5

27 101.9 (2.8) 347.4 (2.1) 530.3 (1.5) 531.9 (2.8) 245.5 1.5

42 102.0 (2.9) 347.4 (2.2) 530.2 (1.8) 531.9 (2.9) 245.5 1.7

62 100.2 (1.2) 347.5 (2.2) 530.4 (2.0) 532.1 (2.8) 245.5 1.7

102.0 (2.9)

122 100.1 (1.2) 347.5 (2.2) 530.2 (2.0) 532.1 (2.8) 245.4 1.8

102.1 (2.8)

182 100.2 (1.3) 347.7 (2.3) 530.4 (1.9) 532.2 (2.8) 245.3 1.9

102.4 (2.9)

272 100.2 (1.7) 347.6 (2.3) 530.2 (1.8) 532.2 (2.8) 245.1 1.9

102.5 (2.8)

632 100.4 (1.4) 347.7 (2.2) 530.4 (2.0) 532.3 (2.8) 245.1 1.9

102.6 (2.8)

Table 5. Evolution of binding energies of Si, Ca and O (peak width, FWHM), Ca-Si peak distance and NBO-BO peak
distance during vapor hydration of C2S.
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The Ca BE, on the other hand, shows a small progressive shift (0.7 eV) when hydration goes
on. The Ca 2p3/2 peak is centered at around 347.0 eV (Table 5) for fresh C2S, a value slightly
lower than the one previously reported by Black et al. [6] (347.23 eV).

The initial energy separation between Ca 2p 3/2 and Si 2p peaks found in this work (245.8 eV)
is fairly lower than those reported by Black et al. [6], (246.72 eV). The progressive hydration of
C2S results in shifting of the Si 2p peak to higher BE, therefore reducing the δCa 2p-Si 2p, due
to the polymerization of the isolated silicate tetrahedra upon formation of C-S-H.

The molar Ca/Si ratio of the newly formed hydrates in C2S thin film starts with a lower value
than expected from the bulk material (initial Ca/Si of about 1.6 vs. 2.0 of stoichiometric
dicalcium silicate), indicating a partial hydration of the upper few nanometers of the sample
during manipulation under atmospheric conditions, and decreases over time, reaching Ca/Si 
= 1.0. The same values are described by Regourd et al. [24], who found this value after 4 h of
hydration. While small contributions from portandite and/or unhydrated C2S cannot be
excluded, such low Ca/Si values clearly evidence the formation of C-S-H. Here, different peaks
related to the contributions from carbonates and silicates are not observed.

In this sample, it was possible to study the O 1s spectrum, which provides important infor-
mation on the structure of minerals and glasses but is complex to be assessed. O 1s can be
present in different components, which have different BE: non-bridging oxygen (530–530.5 
eV), bridging oxygen (531.5–532.7 eV), hydroxide species (533–533.5 eV), bound water (534 eV)
and portlandite at calcium-rich samples (531.6 eV), while amorphous silica does not add any
extra component [27].

Changes in the peaks separation between bridging and non-bridging oxygen atoms (δNBO-
BO) are related to silicon polymerization: Peak distance grows with the falling of the Ca/Si
ratio that happens together with hydration by water vapor, since the contribution from non-
bridging oxygen decreases as the hydration progresses (the number of Ca-O-Si units decreases
and Si-O-Si units increases), as observed in Table 5.

4. Final remarks

The fact that the chemical and mineralogical composition of the calcium silicate thin films is
in accordance with the respective bulk materials proves that the electron beam evaporation is
a useful and powerful way for synthesizing thin films of calcium silicates. However, not the
same was observed for the calcium aluminate phases: The electron beam evaporation condi-
tions used in this work are not suitable for producing thin films of these materials. Chemical
and mineralogical analysis of the residue left in the crucible after the evaporation shows that
the aluminum present on these phases does not evaporate, and for this reason, there is no signal
of this element in the thin films. Aluminum reacts abnormally when submitted to the extreme
conditions during the sample preparation.

This behavior is clearly observed with the GIXRD and XPS data. Even as the electron beam
evaporation fails to provide the expected results for the evaporation of phases containing
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in accordance with the respective bulk materials proves that the electron beam evaporation is
a useful and powerful way for synthesizing thin films of calcium silicates. However, not the
same was observed for the calcium aluminate phases: The electron beam evaporation condi-
tions used in this work are not suitable for producing thin films of these materials. Chemical
and mineralogical analysis of the residue left in the crucible after the evaporation shows that
the aluminum present on these phases does not evaporate, and for this reason, there is no signal
of this element in the thin films. Aluminum reacts abnormally when submitted to the extreme
conditions during the sample preparation.

This behavior is clearly observed with the GIXRD and XPS data. Even as the electron beam
evaporation fails to provide the expected results for the evaporation of phases containing
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aluminum, other standard techniques for producing ceramic thin films can be applied.
Presumably, sputtering may allow synthesizing thin films of these phases as in this technique
the sample is not heated. Instead, atoms are ejected through the bombardment of the target
material by energetic particles.

The difficulty on using sputtering techniques arises from the fact that it is challenging to have
suitable targets as it demands unusual preparation and generally companies that manufacture
them refuse to produce targets with special specifications. In this case, additional manufac-
turing effort is needed for producing targets so that this technique can be applied for the
synthesis of thin films of clinker phases.

This type of sample has been proven to be useful in attaining information related to dissolution,
hydration and carbonation in ways never before explored. Research using thin films of clinker
phases for hydration analysis is found elsewhere [3, 4].

XPS provides information on the upper few nanometers of the sample only, being suitable for
thin films studies, offering accurate chemical composition and coordination state data.
Regarding the XPS data for all the C3S and β-C2S samples, the peak positions, peak distances
and peak widths are typically equivalent to the bulk material, proving that they have the same
chemical composition. However, pre-hydration is observed due to the contact of the sample
with the atmosphere.

Hydration of C3S presented shifts on Si 2p peak to higher BE, related to silicon polymerization
by the formation of C-S-H. The δCa 2p-Si 2p distance decreased with time, indicating that the
kinetics of early C-S-H formation is not significantly altered when vapor is used instead of
liquid water.

The molar Ca/Si ratio in both C2S and (from carbonate contribution) C3S decreases as the
hydration proceeds, due to the progressive polymerization with an increase in chain length of
the silicate hydrates formed. Initial Ca/Si values in C3S correspond to a jennite-like material
and evolve to a tobermorite-like component after 3 h of exposure to water.

Some possible pre-hydration is observed in both calcium carbonates, by the contact with the
atmosphere during the sample manipulation or due to the preferential deposition of the silicon
on the sample's surface after the evaporation. Besides that, the peak positions of the bulk
material are maintained and so the chemical state.

The C2S samples provided clearly distinguished O 1s spectra, allowing to identify the δNBO-
BO peak separation, which increases with the silicon polymerization, describing the C-S-H
formation.
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Abstract

The layer-by-layer (LbL) technique is one of the most promising ways of fabricating 
multilayer thin films and coatings with precisely controlled composition, thickness, 
and architecture on a nanometer scale. This chapter considers the multilayer thin films 
and coatings containing metal nanoparticles. The main attention was paid to LbL films 
containing metal nanoparticles assembled by convenient methods based on the differ-
ent intermolecular interactions, such as hydrogen bonding, charge transfer interaction, 
molecular recognition, coordination interactions, as driving force for the multilayer 
buildup. Much attention has paid to the LbL films containing metal nanocomposites for 
multifunctional catalytic applications, in particular, photocatalysis, thermal catalysis, 
and electrocatalysis. The preparation protocol of LbL-assembled multilayer thin films 
containing metal nanoparticles (such as Au, Ag, Pd, Pt), metal oxides (Fe3O4), and sulfides 
(CdS) that are supported on the various surfaces of nanotubes of TiO2, Al2O3 membranes, 
graphene nanosheets, graphene oxide and further applications as catalysts with respect 
to photocatalytic, electrocatalytic performances is discussed. The systematization and 
analysis of literature data on synthesis, characterization, and application of multilayer 
thin films and coatings containing metal nanoparticles on the diverse supports may open 
new directions and perspectives in this unique and exciting subject.

Keywords: layer-by-layer assembling, thin films and coatings, polyelectrolytes, metal 
nanoparticles, immobilization, semiconductors, catalysts

1. Introduction

One of the main purposes of nanotechnology is fabrication of highly functional low-dimen-
sional materials and systems [1]. Most of such systems are produced by assembling of nano 
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objects in thin films or coatings [2]. The utilization of high functional materials is steadily 
growing and covers many areas of human activity such as fabrication of drug delivery sys-
tems [3], antibacterial coatings [4, 5], electronics [6], chemical sensors [7], and even in dentist 
applications. Some assembling procedures need to immobilize metal nanoparticles such as 
gold, silver, copper, palladium, and platinum to preserve them in origin state and to avoid 
the aggregation. Such immobilization can be proceeded by the incorporating of nanoclusters 
into polymer scaffold. The scaffold plays three main roles [8]:

(1) It provides assistance to particle assembling.

(2) It ministers like a matrix for ordering and homogeneous orientation of systems.

(3) Due to its some properties, such electronic properties, it acts as a functional element.

Polymer science and technology that spreads polymer-based biomaterials, catalysts bounded 
by polymer, nanofibers fabricated by polymer assisted electrospun and attracts tremendous 
attention [9]. The interlacing of polymer technology with nanoscience allows expanding both 
of them and solving the existing challenges in the fabrication on a nanoscale. Because of 
plenty of binding region in polymer, it can effectively immobilize the nanoparticles and at 
the same time act as a mediator between the substrate and nano objects [2]. Wide exploita-
tion of polymers as supporting agents during formation of the coating is applied in the LbL 
assembling technique. The LbL assembling approach can be qualified as a good alternative 
approach to the well-known deposition methods, because it is versatile, inexpensive, and 
comfortable for use. Moreover, the large advantage of LbL method is that, in contrast to 
widespread strategies of fabrication of nanoscale structures on top of planar substrate such 
as chemical vapor deposition [10], atomic layer deposition [11], molecular beam epitaxy [12], 
hydrothermal deposition [13] and so forth, it is suitable for the formation of a uniform coating 
on curved surfaces [14]. The whole process of multilayer structures buildup by LbL assem-
bling, whose driving force, despite hydrogen bonding, covalent bonding, etc., is mainly elec-
trostatic interaction between the oppositely charged species [14, 15], usually consists of four 
steps [16] (Figure 1a):

(1) Immersing of a cleaned, positively charged solid substrate into the solution of an anionic 
polyelectrolyte. Electrostatic force, collectively with adsorption, builds the first layer of 
multilayer construction.

(2) Removal of the excess and weak adsorbed polyelectrolyte from the surface is carried out 
by substrate rinsing with deionized water.

(3) Bilayer structure is achieved by immersing of the substrate into the solution of the cati-
onic polyelectrolyte. This step restores the original surface charge.

(4) Final rinsing removes the excess of cationic polyelectrolyte.

By repetition of these cycles [17], a desired number of layers can be achieved on curved 
planes, as shown in Figure 1b, therefore the whole thickness of multilayer is easy con-
trolled. Generally, to create a difference in surface charges, using the LbL procedure, 
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various polyelectrolytes are employed. The mostly applied positively charged poly-
electrolytes are: poly(allylamine hydrochloride) (PAH), polyethyleneimine (PEI), or 
poly(diallyldimethylammonium chloride) (PDDA) and negatively charged polyelectro-
lytes are: poly(vinyl sulfate) (PVS), poly(acrylic acid) (PAA), or poly(styrene sulfonate) 
(PSS). It should be also mentioned that the LbL method expands the possibilities of obtain-
ing organic/inorganic films with high accuracy just by changing the number of multilay-
ers, concentration and pH of the solution. The application area of nanosystems obtained 
by LbL assembly is very wide. It includes fabrication of layers with magnetic, fluorescent, 
catalytic and various electronic properties. For example, the magnetic multilayers can be 
used in medicine as well as other technical applications. Fluorescent properties are widely 
benefited in optical devices. LbL-assembled catalysts can be applied for hydrogenation, 
oxidation of various substrates and water splitting. Nobel metal particles incorporated 
into the multilayer structures are adopted as coatings for light absorption enhancing by 
the surface plasmonic effect. In the following subsection we consider the LbL thin films 
and coatings containing metal nanoparticles, metal oxides, and sulfides together with their 
application of in catalysis.

Figure 1. Schematic illustration of the LbL assembling process by alternately dipping of a positively charged substrate 
into the solutions of a oppositely charged polyelectrolyte (a) and formation of shell structure on curved planes (b).
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2. LbL thin films and coatings containing metal nanoparticles, metal 
oxides, and sulfides

2.1. LbL thin film and coatings containing gold (AuNPs) and silver (AgNPs) nanoparticles

The metal nanoparticles with attractive optical, electronic, and catalytic properties are used 
in a broad range of applications ranging from physics to medicine [18]. For assembling such 
nanoscaled particles with controlled parameters, it is necessary for scientists to develop new 
methods which can allow to obtain constructions with required properties [19]. The charge 
transfer properties of metal particles incorporated in a thin layer depend on particle size 
and distance between them in vertical and space distributions [20]. At the same time, the 
dependence between the particle size reflects to a high reactivity/selectivity for the hydroge-
nation of unsaturated alcohols [21, 22]. Recently, noticeable research works were conducted 
with respect to immobilization of mono- and bimetallic nanoparticles into the matrices of 
ultrathin films to obtain the effective nanocatalysts [23]. Such, LbL-assembled layers of gold 
nanoparticles within interpolyelectrolyte complexes can be formed either by interaction of 
poly(ethyleneimine)-gold nanoparticles (PEI-AuNPs) with poly(acrylic acid) (PAA) or by 
interaction of poly(acrylic acid)-gold nanoparticles (PAA-AuNPs) with PEI [24]. It is also 
well known that the noble metal nanoparticles, in particular Au, Ag, and Pt possess strongly 
marked plasmonic properties, which can be controlled by changing fabrication parameters. 
Thus, changing of volume, dipolar coupling, or a type of solvent alters the wavelength of 
plasmonic resonance. For instance, dipolar coupling of Au can be controlled by changing the 
distance between the particles, such distance among the particles is easily adjusted by modi-
fication of dendrimers, highly branched monodisperse molecules. The dendrimers have the 
series of chemical modifications and cavities which act as templates for nanoparticle growth. 
For example, polyamidoamine (PAMAM) or carboxyl-terminated PAMAM [25] dendrimers 
are utilized as a matrix with effective nanoparticle stabilization [26]; therefore, Au, Cu, Pt, and 
Pd nanoparticles can be formed and stabilized therein [27]. The wavelength of surface plas-
monic resonance of nanoscaled gold nano objects incorporated within PAMAM depends on 
the number of the layers. Increasing of the number of LbL-assembled PAMAM enlarges the 
distance between the Au nano objects, which leads to an ultraviolet shifting of plasmonic glow. 
Besides the tuning of plasmonic properties, it is also possible to adjust the fluorescent proper-
ties of gold nano objects only by magnification the thickness of multilayer or by the increasing 
the number of LbL cycles. For example, fluorescence of Au, covered in a core-shell manner by 
organic multilayers, can be easily tuned by varying the number of nonfluorescent layers [28].

Silver/gold coatings formed onto a commercial anion exchange resin via LbL [5] are very 
appropriate bimetallic composition for catalytic reduction of nitroaromatic compounds. Such 
core-shell heterostructures can be prepared by using of electrostatic force of the charged resin 
beads. Such resin beads support immobilization of anionic metal precursors of silver/gold 
nanoparticles onto the solid resin matrix and reduce 2-nitrobenzoic acid to obtain the corre-
sponding amines through the effective catalysts.

Figure 2 demonstrates a simple method of integrating the electroactive gold nanoparticles 
(AuNPs) with graphene oxide (GO) nanosheets. Such LbL structures composed of three-
dimensional electrocatalytic thin films are active toward methanol oxidation [9]. This approach 
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appropriate bimetallic composition for catalytic reduction of nitroaromatic compounds. Such 
core-shell heterostructures can be prepared by using of electrostatic force of the charged resin 
beads. Such resin beads support immobilization of anionic metal precursors of silver/gold 
nanoparticles onto the solid resin matrix and reduce 2-nitrobenzoic acid to obtain the corre-
sponding amines through the effective catalysts.

Figure 2 demonstrates a simple method of integrating the electroactive gold nanoparticles 
(AuNPs) with graphene oxide (GO) nanosheets. Such LbL structures composed of three-
dimensional electrocatalytic thin films are active toward methanol oxidation [9]. This approach 
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involves the electrostatic interaction of negatively charged graphene oxide nanosheet with 
positively charged AuNPs. The distribution of gold nanoparticles on the surface of GO can 
be controlled using the LbL method, the latter enhances the stability keeping from aggrega-
tion during the electrocatalytic cycles. Due to high versatile and tunable properties of LBL-
assembled thin films, a hybrid electrocatalyst can be easily designed for direct methanol fuel 
cell (DMFC). Such LbL assembly allows for the fabrication of the nanoparticle/graphene 
hybrid multilayer structure, which exhibits a wide range of functionalities. Figure 3 shows a 
schematic representation of the LbL film made of poly-N-vinylpyrrolidone-stabilized AuNPs 
(PVP-AuNPs) and single-walled CNTs deposited on a fluorine-doped tin oxide (FTO) glass. 
Such structures may be used in the field of catalysis, fuel cells, and sensing.

Figure 2. LbL integration of gold nanoparticles (AuNPs) with graphene oxide (GO) nanosheet.

Figure 3. LbL films of PVP-AuNPs and single-walled CNTs supported on a fluorine-doped tin oxide (FTO) glass.
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2.2. Immobilization of Pd and Pt nanoparticles into the LbL matrix

One of the main important catalytic properties of Pt and Pd containing films is electrocata-
lytic oxidation of methanol [12, 29, 30]. Immobilization of Pd nanoparticles (PdNPs) usu-
ally proceeds on solid supports, such as carbon, graphene, metal oxides, and zeolites [26]. 
Assembling of PdNPs onto carbon allows for obtaining a nanocomposite possessing chemo-
sensitive properties. The electrocatalytically active graphene-palladium composites can be 
utilized as hydrogen detectors [31]. The PdNPs are stabilized by capping with ligands, rang-
ing from small organic molecules to large polymers [22]. Immobilization of PdNPs in the form 
of spherical aggregates takes place by using of dendritic molecules such as amine-terminated 
PAMAM dendrimers (G1.0 PAMAM) or POSS-NH3

+ [32]. The process of self-organization of 
spherical templates is carried out in solution at room temperature, which allows for obtaining 
the dendrimers with an average size of about 70 nm.

The PdNPs synthesized by the reduction of Pd(II) to Pd(0) by using NaBH4 can be incor-
porated onto magnetic nanoparticles (MNPs). Such incorporation is carried out by the LbL 
technique, which is suitable to poly(acrylic acid)-poly(ethyleneimine)/Pd(II) multilayers for-
mation in a core-shell manner [33]. Such hybrid structures are considered to employ for the 
hydrogenation of various olefin alcohols. Besides using MNP as a substrate, it is also possible 
to assemble nanosized Pd-polyelectrolyte multilayer onto aluminum powder [34]. Diversity 
of PdNPs diameters, within multilayers onto aluminum powder, can be regulated by chang-
ing the ratio between poly(acrylic acid) and Pd(II). Such changing allows to obtain the rang-
ing of particles with diameters from 2.2 to 3.4 nm. Consequently, by this way, it is easy to tune 
the catalytic selectivity of such a hybrid system.

The Pt nanoparticles (PtNPs) with good optical and catalytic properties can also be incorpo-
rated within PAMAM dendrimers. The simple way of PAMAM dendrimers with incorpo-
rated Pt nanoclusters deposition is LbL assembling them onto the solid substrates [28]. For 
instance, the Pt-PAMAM structures are obtained through the chemical reduction of H2PtCl6, 
in the presence of PAMAM, using formic acid as a reducing agent. Then, by alternating 
immersions of the substrate into the polyelectrolyte solutions consisting of poly(vinylsulfonic 
acid) and PAMAM dendrimers the multilayer structures are produced. Time duration for 
each layer formation is about 5 min [35].

Using PAMAM dendrimers/PtNPs allows to obtain the nonvolatile memory (NVM) devices 
[36]. However, the process of NVM assembling is slightly differ from the above-described 
process and involves the formation of PtNPs within a ultrathin film matrix, formed by cova-
lent LbL assembly of pyromellitic dianhydride (PMDA) and second generation of PAMAM 
dendrimer in supercritical carbon dioxide (SCCO2). To design such a structure, nanoparticles’ 
precursor is sequestered within a dendrimer matrix by using SCCO2 as a processing medium. 
This technique of preparation nanostructured films, with assistance of SCCO2, at room tem-
perature is a comparable clean process.

Aside from NVM, the metal-insulator semiconducting (MIS) devices can be formed using den-
drimer-encapsulated nanoparticles. MIS installation proceeds by the covalent molecular assem-
bly of dendrimers with incorporated agents. The MIS device configuration is shown in Figure 4.
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2.3. Assembling of LbL films and coatings containing Fe3O4 and CdS

In this section, we describe LbL immobilized Fe3O4 and CdS nanoparticles that possess mag-
netic, semiconducting, optic, and other properties. Since metal oxides are widely used in gas 
sensing application [38], electrochemical capacitors [39], lithium-ion batteries [40], photo-
catalytic materials [41]; it is important to develop their installation direct on the electrodes. 
Therefore, the process of immobilization of metal oxides such as TiO2, Fe3O4, and ZnO by 
using the LbL method, where the general assembling of metal oxides proceeds with assistance 
of polyelectrolytes [42], has been tremendously studied [43]. In the past two decades, a great 
attention has been paid to the synthesis of Fe3O4 magnetic nanoparticles due to their cheap-
ness, nontoxicity and readily producing. Direct deposition of Fe3O4 onto an electron conduc-
tive material, such as indium tin oxide (ITO)-coated glass, allows using it in electrochemical 
capacitor application [44] and biomedicine. Combination of various fabrication methods of 
these particles with the LbL deposition technique allows to obtain high quality core-shell 
architectures. The Fe3O4 preparation method in general involves the dissolution of the mix-
ture of FeCl3 and FeCl2 in aqueous solution (chemical coprecipitation). The obtained particles 
of Fe3O4, modified by polymers, can be coated onto quantum dots (Qds), such as CdTe, in 
a core-shell manner via the LbL technique. Such strategy allows to fabricate the magnetic 
luminescence Fe3O4 nanocomposites [44]. The medical application of magnetic structures, 
incorporated via LbL has also been developed. In particular, the Fe3O4 and Pt nanoparticles, 
incorporated into hemoglobin, improves the biosensitivity of the protein [45]. Employment 
of Fe3O4 for magnetic separations of protein is possible by coating it onto SiO2 particles [46]. 
Another good example of Fe3O4 particles involved in the high functional core-shell formation 
is Fe3O4/Au structure. Such composition is widely applied in biomedical and technological 
fields due to their unique optical, magnetic, and catalytic properties [47].

Since the Fe3O4 particles possess magnetic properties, it is possible to assemble them with the 
help of magnetic field. Combination of the LbL technique and magnetic field leads to compac-
tion of particle packing without increasing the total thickness of the obtained film [48].

CdS is one of the most interesting semiconducting materials due to its band structure, lumines-
cent aptitude, etc. Nanoscaled CdS particles with a size range up to 10 nm can be considered as 

Figure 4. MIS device configuration consisting of Au bottom electrode, dendrimer-encapsulated nanoparticle layer, Al2O3 
layer, and Au top electrode.
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Qds and currently attract a large number of researchers due to their unique optical and electrical 
properties [49]. There are several CdS Qds preparation methods, but among them the LbL deri-
vation, also known as successive ionic layer adsorption SILAR [50] deposition, is a very promis-
ing approach due to its versatility and simplicity to obtain high controlled objects. The method 
is as follows: in separate beakers, the dissolved ions of Cd+ and S− are deposited onto a substrate, 
forming CdS structure. It is obvious that the structure-building force is Columbic attraction. 
This technique proceeds without participation of polymers, consequently it is not necessary to 
remove organics by the calcination of structure for increasing the attaching surface between the 
CdS layer and the active materials. The theoretical description of SILAR (LbL derivation) [50] 
can be described as following, the sequential immersion of the substrate into oppositely charged 
liquid solution results the reaction between the substrate and dissolved species. Heterogeneity 
of layer structure enriches by rinsing in water after each dipping into electrolyte solution. The 
principle of film growing can be explained by the following equation:

   (p  K  aq  a+  + q  X  aq  b−  ) +( b   ′   Y  aq   q   ′ +  + a  A   p−  ) → KpA  a  s   ↓   + q  X  aq  b−  +   b   ′     Y  aq  q     ′ +  ; ap = bq =  b   ′  q′ ,   (1)

where,
K is cation (Cd2+, Fe3+, Cu+, etc.)
A represents the anions (O, S, or Se)
p is the number of cations
a is the numerical value of charge on cation
Y is the ion which is attached to chalcogen ion
X represents an ion in cationic precursors
q represents the number of ions
b represents the charge value of ions
b’ represents the number of ions attached to chalcogens
q’ represents the charge value of ions attached to chalcogens

Schematic representation of the SILAR process is shown in Figure 5. The CdS Qds obtained 
by the LbL (SILAR) method can easily be used in the fabrication of Qds sensitized solar 
cells, which are very well suited for the creation of alternatives to silicon-based photovoltaic 
devices. A simple example of preparation of CdS-based Qds-sensitized solar energy con-
verting construct is given by Chen and co. [51]. They sensitized ZnO nanosheets, obtained 
through the three-electrode electrodeposition method, with further coating them by CdS 
Qds. Such coating can be assembled through alternating dipping of ZnO nanosheets com-
prise a glass substrate into the liquid solutions. The whole process of LbL CdS assembling 
can be described as:

(1) Immersing of negatively charged ZnO deposited glass substrate in a beaker containing 
0.05 M Cd(NO3)2 to adsorb Cd2+. Resulting charge of the glass surface becomes positive.

(2) Rinsing surface with deionized water to remove excess of ions.

(3) Dipping of a positively charged substrate into dissolved 0.05 M Na2S to deposit S2−.

(4) Final cleaning of surface is carried out by rinsing with clean water.
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3. Application of NPs immobilized via the LbL assembly in catalysis

3.1. LbL-assembled layers for water splitting application

Hydrogen production by solar driving water splitting is a promising energy generation way. 
The development of hydrogen production is based on the fact that it is an ideal fuel for the 
future [52]. Among the different approaches to release hydrogen gas, photoelectrochemical 
(PEC) water splitting is the most promising. Overall water splitting reaction can be written as:

   H  2   O(liquid ) =  H  2  (gas ) +½   O  2  (gas ) .  (2)

A PEC cell consists of two electrodes: one is called anode/photoanode and another is cathode/
photocathode. On the surface of cathode, H2O molecule is reduced:
  2H + 2  e   −  =  H  2(gas)  ,  (3)

whereas on the anodes, it oxidized.
   H  2    O  (liquid)   + 2  h   +  = 2H +  O  2(gas)  ,  (4)

where e− is an electron and h+ is a hole.

Figure 5. General scheme of the SILAR method for the fabrication of Qds.
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This process must take place under solar irradiation. Efficiency of this process depends on the 
following factors:

(1) The ability of photoelectrodes to adsorb a photon

(2) The performance of creation charge carries

(3) The efficacy of charge carriers in the water splitting process.

To overcome these affecting factors on the efficiency of the cell, scientists need to develop 
more ideal electrodes. It means the control of all technical parameters including thickness 
of semiconducting layer, morphology, and density of particles, which forms active layer 
and so on. A simple way to control the distance between the electroactive species inside 
of multilayer structure is offered by LbL assembling [53]. Absorption of light by semicon-
ducting materials results in creation an exciton, electron-hole pair. To use an exciton in 
the water splitting process, it must be separated. The separated electron and hole act as 
reduction and oxidation centers. Coupling of two different types of active materials allows 
the faster separation of exciton. For example, a couple of anatase and rutile phases of TiO2 
improves the separation of exciton, created in the anatase structure [43]. In order to obtain 
a homogeneously distributed anatase/rutile, a heterostructure LbL approach is applied. The 
LbL assembling to building of anatase/rutile heterostructure is carried out in the presence 
of poly(sodium-4-styrenesulfonate) (PSS). This polymer serves as an adsorption layer. The 
rutile phase of TiO2 coated by PSS adsorbs an anatase structure. To remove polymer inter-
layer and form good attachment between rutile and anatase the obtained material is heated 
up to 500oC (Figure 6).

Figure 6. Formation of rutile/anatase heterostructure by LbL assembling.
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Improvement of solar energy conversion can be achieved using an aligned structure, such 
as ZnO nanorods, because of reducing the charge pathway (Figure 7). The ZnO is a broadly 
used as a wide band gap semiconductor [37], and it plays a great role in gas sensing, optical 
and electrical devices. In spite of similarity of band structures between ZnO and TiO2, electron 
mobility on ZnO is much higher. But negligible instability of ZnO in an aqueous solution 
makes it unfavorable for this material in the water splitting process. Recently, protection of 
ZnO was offered by building a core/shell structure, where a core is ZnO and a shell is rep-
resented by narrow band gap semiconductors. Covering of ZnO nanorods by narrow band 
gap CdS was studied a lot. The most attractive approach for it is using of SILAR technique 
[20, 54, 55]. The covering of free-standing ZnO nanorods by CeO2, CdS, and Ag nanoparticles 
proceeds, as shown in Figure 8. The negative charges on the ZnO surface are formed by 
immersing the substrate into PAH and PSS. Then, the oppositely charged ions (Ce3+, Cd2+, Ag+) 
are adsorbed on the surface of negatively charged ZnO nanorods due to strong electrostatic 
attraction. Reduction of metal ions is performed by NaBH4. To use such composition for PEC 
water splitting or in dye-sensitized solar cells they should have a good contact to the electrode.

The immersing of the conductive substrate coated by aligned ZnO nanorods in two differ-
ent aqueous solutions of Cd2+ cations and S2− anions for 20 second allows to obtain a ZnO/
CdS core-shell structure, which is a suitable heteromaterial for water splitting application. 
Effectiveness of such PEC water splitting of the ZnO/CdS core-shell composition has been 
showed an increased open voltage of around −1.55 V vs. bare ZnO arrays whose open voltage 
is – 0.8 V [56].

3.2. Reduction and oxidation of organic substrates by metal nanoparticles immobilized 
within LbL films and membranes

In the past few years, LbL films and membranes are more commonly used in catalytic pro-
cesses. Films with incorporated metal nanoparticles synthesized by the LbL technique are 
commonly used for multifunctional catalytic applications, including photocatalysis, thermal 

Figure 7. Schematic representation of the electron transport process through nanoparticles (a) and nanorods (b).
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catalysis, and electrocatalysis, which means the reduction [57] and oxidation of various organic 
substrates [18, 58]. Authors [59] showed that LbL covalently stacked multilayer structure of 
immobilized metal nanoparticles ensure the stability of particles against aggregation. Such 
multilayer structure can be achieved by embedding the nanoparticles into a porous polymer 
membrane. The porous structure of polymer membrane is utility to creation of concentration 
gradient between the aqueous medium and reaction centers, which accelerate the reaction rate. 
The catalytic activity of immobilized metal nanoparticles within the polymer scaffold depends 
on the number of bilayers as well as the size of the particles. For instance, 10 bilayers show 
higher catalytic activity than the higher numbers of layers. While the high number of bilayers 
exhibits good stability. The optimization of such criteria is possible by modulating the number 
of layers in the LBL structure, which allows to prepare highly catalytic active and stable films 
using this simple and versatile approach.

The multilayered metal nanoparticles deposited onto TiO2 nanotubes demonstrate efficient ther-
mal catalytic activities toward reduction of nitrophenol to nitroaniline under ambient conditions 
[60]. The catalytic properties of metal nanoparticles/TiO2 nanotubes (M/TNT) nanocomposites are 

Figure 8. Using the LbL technique for covering free-standing ZnO nanorods by CeO2, CdS, and Ag nanoparticles.
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achieved mainly due to the distribution of monodispersed metal nanoparticles on TNT [61, 62]. 
It is evident that distribution of nano objects onto a substrate affects the catalytic performance of 
multilayer films. Therefore, surface modification of 1D semiconductors through the LbL assemble 
strategy can be used as an effective way to achieve a uniform deposition of metal nanoparticles 
for various catalytic applications. The electrocatalytic performances of LbL-assembled multilay-
ers are also extensively exploit for selective hydrogenation of a series of unsaturated alcohols [34] 
and methanol oxidation. For example, a strong synergistic catalytic behavior exhibits polyaniline-
Pt (PANI/Pt) nanocomposites fabricated by the modification of LbL assembly by electrodeposi-
tion [42]. Such synergic catalytic activity is used for methanol oxidation. But the catalytic activity 
of such composites depends not only on a number of layers (and hence the Pt loading) but mostly 
on nature of the outermost layer. The catalytic activity of such multilayers can be enhanced when 
they end by the PANI layer as the oxidation of methanol by Pt particles facilitated by the forma-
tion of hydrogen bonds with the outer PANI layer.

4. Concluding remarks

Immobilization of metal and semiconducting nanoparticles within the multilayer structure 
by the LbL self-assembling technique is an effective process to design drug delivery systems, 
capacitors, sensors, solar and fuel cells, quantum dots, catalysts with unique properties. Gold, 
silver, palladium, and platinum nanoparticles incorporated into the polymer thin films leads 
to enhancement of plasmonic and catalytic properties, which can be easily tuned by changing 
multilayer structure. Preparation of nanocatalysts using the LbL assembly technique represents 
a comparatively simple, robust, efficient, and highly versatile method and demonstrates signifi-
cant advantages over routine methods. The multilayer thin films containing metal nanoparticles 
demonstrate efficient catalytic activities toward reduction of nitrophenol, oxidation of meth-
anol, and selective hydrogenation of unsaturated alcohols under ambient conditions. One of 
the promising areas is to use the LbL technology for photocatalytic decomposition of water. 
Photoelectrochemical cells can be develop by alternately applying of organic and inorganic semi-
conducting materials and dyes on transparent conductive substrates such as indium tin oxide 
glass, aluminum-doped zinc oxide glass, and so forth. It is anticipated that the LbL methods and 
technologies will definitely expand its horizon toward practical applications in the commercial 
realm and to new discoveries in the fields of polymer and materials science and engineering.
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Abstract

Resistive switching phenomena with adequate repetitiveness on Ta2O5-TiO2-Ta2O5 and 
TiO2-Ta2O5-TiO2 stacks are reported. In particular, 5–nm-thick TiO2 films embedding a 
monolayer of Ta2O5 show the best behavior in terms of bipolar cycles loop width, with 
separate low and high resistive states up to two orders of magnitude. Tantalum oxide 
layer increases the defect density in titania that becomes less leaky, and thus, resistive 
switching effects appear. Small signal ac parameters measured at low and medium fre-
quencies, namely capacitance and conductance, also show hysteretic behavior during 
a whole bipolar switching cycle. This means that the memory state can be read at 0 V, 
without any power consumption. High-frequency measurements provide information 
about dipole relaxation frequency values in the dielectric bulk, and this can be con-
nected with resistive switching behavior. Finally, a double tunneling barrier model fits 
I-V curves at the low-resistance state even at the bias range where reset occurs and a 
sharp fall takes place.

Keywords: resistive switching, tantalum oxide, titanium oxide, RF impedance, 
modeling

1. Introduction

Nowadays, resistive random access memories (RRAMs) have been considered as adequate 
candidates to replace the current nonvolatile memories, because of their good characteristics 
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in terms of integration density, speed, power dissipation, and endurance [1, 2]. RRAMs mod-
ify the resistivity of metal-insulator-metal (MIM) or metal-insulator-semiconductor (MIS) 
structures. These devices exhibit a resistive switching (RS) behavior, due to the creation after 
an initial step (electroforming), of one or several nano-conductive filaments that can connect 
the two electrodes [3]. Filaments can be broken and formed again by means of an external 
bias; hence, there are two different resistive states, low resistance (LR) and high resistance 
(HR). The device can remain in one of the two resistive states for a long time. The RS behavior 
depends on the dielectric material. Also, top and bottom electrodes play an important role. It 
has been reported that atomic layer deposited (ALD) transition metal oxides, such as HfO2, 
ZrO2, TiO2, and so on, exhibit RS behavior [4]. Usually, RS is classified into unipolar and 
bipolar: The first one depends only on the amplitude of the applied voltage, whereas the sec-
ond one depends also on the polarity of the applied voltage. Three different mechanisms are 
considered as responsible for the RS phenomena [5, 6]: the conducting bridge random access 
memories (CBRAM), in which the conductive filament is formed from the atoms of one of the 
two metallic electrodes; the valence change mechanism that is attributed to the migration of 
oxygen anions and a subsequent redox reaction; and finally, the thermochemical mechanism 
that consists of a change of stoichiometry related to the temperature increment. Despite the 
great amount of work done, the physic mechanisms of RS are not fully understood; therefore, 
a great deal of research must be still carried out.

This chapter consists of three parts: In the first one, constituting the main body of this work, 
resistive switching phenomena on Ta2O5-TiO2-based metal-insulator-metal (MIM) structures 
are reported. Ta2O5-TiO2 films were grown to target thickness of 6 nm. The films were grown 
either as nanolaminate-like stacks consisting of Ta2O5 and TiO2 constituent layers, each grown 
to nominal thickness of 2 nm, or 5- to 6–nm-thick TiO2 films embedding a monolayer of Ta2O5 
grown using only 1–3 ALD cycles of Ta2O5. The stacks were grown in order to increase the 
defect densities in titania by inserting otherwise more insulating tantalum oxide and exam-
ine the possible effect of the controlled, artificial, layering of different metal oxides to the 
appearance of resistive switching effect. In the second part, some RF impedance measurement 
results in more standard metal-insulator-semiconductor (MIS) samples (Ni/HfO2/Si and W/
HfO2/Si) are shown. The response at frequencies up to 3 GHz is analyzed. The most remark-
able fact is that both the relaxation frequency in capacitance curves and the conductance 
maximum position can vary with the bias voltage depending on the top electrode material. 
Finally, in the third part of this chapter, two analytical models that fit well the current values 
in the low-resistance state for Ni/HfO2/Si structures are described. The first one considers a 
single tunneling barrier, whereas the second one uses the double tunneling barrier model. A 
comparison between the two models is carried out.

2. Resistive switching on Ta2O5-TiO2-based MIM structures

MIM samples investigated were obtained by depositing the films on 15 nm-RuO2/10 nm-TiN/
Si substrates. Thin solid titanium tantalum oxide films were grown in an in-house built low-
pressure flow-type ALD reactor [7] as stacks formed as TiO2-Ta2O5-TiO2 or Ta2O5-TiO2-Ta2O5 
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triple layers [8] at the substrate temperature of 350°C. Constituent TiO2 and Ta2O5 layers were 
grown by using TiCl4 [7] and TaCl5 [9], respectively, as metal precursors. In both cases, ozone, 
O3, was applied as oxygen precursor. TiO2 layers were grown using cycle times 2–2–5–5 s, 
denoting sequence of TiCl4 pulse length—purge time—ozone pulse length—purge time, 
respectively. For Ta2O5, the corresponding cycle times were 3–2–5–5 s. In all cases studied, 
these process time parameters allowed reliable self-limited ALD-type growth of constituent 
layers in this reactor, as evaluated by quartz crystal microbalances in real time prior to the 
growth of stacked layers. For the growth of Ta2O5-TiO2-Ta2O5 stacks, 60 × Ta2O5 + 50 × TiO2 + 60 
× Ta2O5 ALD cycles were applied, denoting the consequent numbers of the constituent oxide 
growth cycles. Analogously, for the growth of TiO2-Ta2O5-TiO2 stacks, 50 × TiO2 + 70 × Ta2O5 + 
50 × TiO2 ALD cycles were applied. Additional TiO2-Ta2O5-TiO2 stacks were also grown after 
75 × TiO2 + 1 × Ta2O5 + 75 × TiO2 and 75 × TiO2 + 3 × Ta2O5 + 75 × TiO2 ALD cycles. The above-
mentioned stacked films will hereafter be denoted as samples (60-50-60), (50-70-50), (75-1-75), 
and (75-3-75), respectively. Top electrodes were Pt dots with two different areas (0.52 × 10−3 cm2 
and 2.04 × 10−3 cm2).

TiCl4 was kept at room temperature (22 ± 3°C). TaCl5 was evaporated at 80-85°C from a fused 
silica boat inside the reactor. O3 was generated from O2 (99.999%) in a BMT Messtechnik 802N 
ozone generator. Ozone concentration measured with BMT Messtechnik 964 analyzer at the 
reactor inlet was 200–230 g/m3 at the normal pressure. N2 (99.999%) was used as the carrier 
and purging gas. No post-deposition heat treatment was applied on the samples.

The mass thickness and elemental composition of the films were measured by X-ray fluores-
cence (XRF) spectroscopy method using ZSX400 (Rigaku) spectrometer, recording Kα lines 
for Ti, Cl, and O, and Lα for Ta. For the calibration of the XRF measurement procedure, binary 
TiO2 and Ta2O5 films earlier grown to known thicknesses and densities determined by the 
X-ray reflection (XRR) method were used. Grazing incidence X-ray diffraction (GIXRD) was 
applied for the examination of the film structure using Smartlab (Rigaku) X-ray diffractom-
eter with CuKα radiation. In accord with the XRF analysis, the (60-50-60) stacks contained 
54.5 wt.% Ta, 12.1 wt.% Ti, 32.8 wt.% O, and 0.55 wt.% residual Cl, whereas the (50-70-50) ones 
contained 48.8 wt.% Ta, 21.0 wt.% Ti, 30.0 wt.% O, and 0.24 wt.% residual Cl. On the other 
hand, the (75-3-75) stacks contained 10.9 wt.% Ta, 48.7 wt.% Ti, 40.0 wt.% O, and 0.28 wt.% 
residual Cl, whereas the (75-1-75) ones contained 4.6 wt.% Ta, 53.8 wt.% Ti, 41.4 wt.% O, and 
0.23 wt.% residual Cl.

Considering the results of the compositional analysis, the relative amounts of titanium and 
tantalum (oxides) in the films appreciably correlated with the amounts of cycles applied for 
either constituent oxide. Certain residual contamination with chlorine was expected due 
to the presence of chlorine as ligand atoms in both metal precursors and their incomplete 
removal during surface reactions with ozone. The films deposited to rather low thicknesses 
of 6 nm and below that were essentially amorphous as revealed by their featureless XRD pat-
terns (Figure 1). Short-range order was recognized, however, in the TiO2-rich films deposited 
using the cycle sequence 75-1-75, that is, in the film containing markedly less than one mono-
layer of Ta2O5 between two TiO2 layers both grown using 75 ALD cycles. The amorphicity 
of the films can be explained taking into account that layers are too thin to become ordered 
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 crystallographically. Moreover, the layers consist of mixed materials foreign to each other 
both chemically and structurally. This, as any other doping, essentially increases the disorder 
in the materials, both in terms of long-range and short-range periodicity. In the Raman spectra 
of the 75-1-75 sample (Figure 2), a peak typical for anatase phase was detected at 143–145 cm−1 
[10, 11] and also seen earlier in TiO2 films grown by ALD from TiCl4 to H2O [12]. In the 75-3-
75 sample, three Ta2O5 growth cycles were applied between the halves of the TiO2 host layer, 
and the structural disorder was evidently increased. Consequently, anatase phase could not 
be recognized any more. Instead, broad Raman bands appeared at 300 and 800 cm−1, which 
could not be clearly attributed to any known TiO2 phase. However, the bands follow those 
obtained from the bare reference RuOx electrode substrate. RuO2 [13] is known as the material 
possessing rutile structure, and the bands in Figure 2 are thus denoted with R, to guide the 

Figure 1. Grazing incidence X-ray diffraction (GIXRD) patterns from nanolaminate TiO2-Ta2O5-TiO2 and Ta2O5-TiO2-
Ta2O5 stacks. The numbers of both constituent oxide growth cycles in sequence is indicated by labels.

Figure 2. Raman spectra from bare ruthenium oxide electrode (bottom curve), and TiO2-Ta2O5-TiO2 stacks grown 
applying one (middle curve) and three (top curve) ALD cycles of Ta2O5 between TiO2 layers. The total film thicknesses 
were 5.0 and 5.5 nm, respectively.
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readers eye. In this connection, these 5- to 7-nm-thick films studied are to be characterized as 
crystallographically very weakly ordered and highly defective.

Electrical measurements of MIM structures were carried out, putting the sample in a light-
tight and electrically shielded box. I-V curves were measured using a HP-4155B semiconduc-
tor parameter analyzer. C-V and G-V measurement setup was based on a Keithley 4200SCS 
semiconductor analyzer. After the study of pristine samples, the filaments in MIM devices 
were electroformed by DC bias sweeping from 0 to 0.7 V with a current compliance of 10 mA. 
Then, successive I-V cycles showing low-resistance state (LRS) to high-resistance state (HRS) 
transitions were recorded with current compliance of 100 mA.

Current measurements were carried out by varying the applied voltage in two modes: DC 
sweep and pulse modes. It is mandatory to carry out measurements using bias pulses, because 
in the final high-end applications of RRAM, devices are operated in the pulse mode [14]. 
Figure 3 shows filament electroforming and the first resistive switching cycles of a Pt/Ta2O5-
TiO2-Ta2O5/RuOx MIM sample at room temperature. Voltage bias applied was progressively 
varied as it is indicated by arrows. After the first forming cycle at 0.7 V, subsequent voltage 
ramps were applied showing the two different resistance states. Positive voltages produce the 
high-resistance state to the low-resistance state transition (set). On the back sweep, the low-
resistance state is maintained. Using a negative polarity, when voltage reaches the values of 
about −1 V, the device is switched back to the high-resistance state (reset). Thus, this sample 
exhibits bipolar resistance switching at low-voltage values. RS parameters are independent 
on the electrode area; therefore, the switching mechanism is governed by filamentary con-
duction. The most likely hypothesis is the generation of oxygen vacancies under the applied 
electric field during positive forming sweep [15]. Oxygen vacancies tend to cluster and gen-
erally form filamentary shapes under an electric field. When such clusters are formed, the 
resistance of the local region becomes much lower than that of the surrounding oxide, and 
the low-resistance and high-resistance states will therefore be determined by the creation and 

Figure 3. CF electroforming and the first bipolar switching cycles of Pt/Ta2O5-TiO2-Ta2O5/RuOx MIM samples at room 
temperature.
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rupture of the filaments, respectively, which percolate through the sample. In general, set and 
reset loops are asymmetrical, as it is seen in Figure 3. Electroforming in bipolar switching 
may be a process of introducing asymmetric interfaces in a two-terminal switching cell, which 
are beyond the asymmetry due to asymmetric electrodes, that is, different top and bottom 
electrodes. Thus, the electroforming may take one of the two interfaces as an active interface, 
depending on the polarity of the electroforming voltage, so that reactions taking place in the 
vicinity of the active interface are responsible for the subsequent bipolar switching [6].

Pulsed biasing comprises positive and negative pulses which lead the samples to the low-
resistance and high-resistance states, respectively. To illustrate this technique, we have 
included the example for a Pt/Ta2O5-TiO2-Ta2O5/RuOx MIM capacitor in Figure 4. Using stair-
shaped voltage instead of a voltage ramp allows us to record current transients at different 
states. In this case, we can see that current transients appear when switching to negative volt-
ages, that is, in the reset process (low-resistance to high-resistance transition). Interestingly, 
resistive switching affects not only the dc currents, but also the small signal ac parameters 
measured at low and medium frequencies. Indeed, capacitance and conductance also show 
hysteretic behavior during a whole bipolar switching cycle, as we can see in Figure 5. Both 
magnitudes varied in great extent when the sample was driven from the low-resistance state 
to the high-resistance state or vice versa, even at 0 V bias. This fact indicates that the memory 
state can be read at 0 V by sensing the admittance at 0 V, without any power consumption.

In order to study the influence of set voltage values on the RS cycles shape, the following 
experiment was carried out. After the initial electroforming step, some RS cycles under the 
same condition of current compliance were made in order to stabilize the process. Once 
repetitive RS curves were obtained, some cycles were recorded by varying the set voltage 
values regardless of the current compliance values (see Figure 6). By increasing the set volt-
age values, wider loops were obtained. It can be seen that current increases gradually in the 

Figure 4. Bipolar switching response to stair-shaped voltage of Pt/Ta2O5-TiO2-Ta2O5/RuOx MIM samples.
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Figure 5. Capacitance (a) and conductance (b) hysteresis during a whole bipolar switching cycle of Pt/Ta2O5-TiO2-Ta2O5/
RuOx MIM samples at room temperature.

Figure 6. Bipolar switching cycles of Pt/Ta2O5-TiO2-Ta2O5/RuOx and Pt/TiO2-Ta2O5-TiO2-/RuOx MIM samples at room 
temperature, obtained by varying the SET voltage.
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set processes, whereas it abruptly falls in the reset processes. From Figure 6a and 6b, it seems 
apparent that RS cycles are wider in the TiO2-Ta2O5-TiO2 stacks than in the Ta2O5-TiO2-Ta2O5 
ones, indicating much more marked differences between high- and low-resistance states 
when the inner layer is Ta2O5. Making very much thinner the Ta2O5 layer with respect to the 
two TiO2 surrounding layers (Figure 6c and 6d), the RS cycles become wider, but in the (75-1-
75) sample, the cycles are not enough stable, providing a mixed picture. On the contrary, the 
(75-3-75) sample maintains adequate repetitiveness conditions since the very first cycles, and 
therefore, the two resistive states are clearly distinguished.

In Figure 7, the linear correlation between set and reset voltages is depicted for the (75-3-75) 
sample (blue line). The rise of set voltage values induces a consequent increase in the absolute 
values of reset voltage. In the same figure, current difference values in the two resistance 
states measured at a fixed reset value (−0.5 V) for different set voltage values are shown (red 
line). It is clear that the current window of high- and low-resistance states opens as set voltage 
value increases. Both tendencies of Figure 7, although in minor extent, were also observed in 
all samples.

3. RF impedance measurements

A deep knowledge of dielectric properties could provide a wider insight of the RRAM behavior. 
In particular, RF impedance spectroscopy measurements allow detection of the dipolar relax-
ation of the dielectrics. In a dielectric material, the bound charges are polarized under the influ-
ence of an external electric field. Also, surfaces, grain boundaries, and interphase boundaries into 
the dielectric material contain dipoles that are oriented in an external field and thus contribute to 
the polarization of the material. When dipole relaxation occurs, the real part of the permittivity, 
ε′, shows an inflection point, whereas the imaginary part, ε″, has a maximum. In a capacitor, ε′ 

Figure 7. Variation of VReset with VSet of Pt/TiO2-Ta2O5-TiO2-/RuOx MIM samples. The current variation values and 
VSET relationship are also shown.
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sample (blue line). The rise of set voltage values induces a consequent increase in the absolute 
values of reset voltage. In the same figure, current difference values in the two resistance 
states measured at a fixed reset value (−0.5 V) for different set voltage values are shown (red 
line). It is clear that the current window of high- and low-resistance states opens as set voltage 
value increases. Both tendencies of Figure 7, although in minor extent, were also observed in 
all samples.

3. RF impedance measurements

A deep knowledge of dielectric properties could provide a wider insight of the RRAM behavior. 
In particular, RF impedance spectroscopy measurements allow detection of the dipolar relax-
ation of the dielectrics. In a dielectric material, the bound charges are polarized under the influ-
ence of an external electric field. Also, surfaces, grain boundaries, and interphase boundaries into 
the dielectric material contain dipoles that are oriented in an external field and thus contribute to 
the polarization of the material. When dipole relaxation occurs, the real part of the permittivity, 
ε′, shows an inflection point, whereas the imaginary part, ε″, has a maximum. In a capacitor, ε′ 

Figure 7. Variation of VReset with VSet of Pt/TiO2-Ta2O5-TiO2-/RuOx MIM samples. The current variation values and 
VSET relationship are also shown.
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and ε″ are proportional to the capacitance and conductance signals, respectively. So, admittance 
measurements at high frequencies provide information about the permittivity relaxation [16].

This study was carried out by using a Keysight E4991B RF Impedance Analyzer, which 
allowed to carry out measurements in a frequency range of 1 MHz - 3 GHz. Capacitance and 
conductance of the samples were obtained by scanning the frequency of the ac signal while 
keeping the gate voltage at a given value. The gate voltage is applied by the voltage source 
that is built in the E4991B analyzer. A whole RF characterization is obtained by varying the 
voltage from accumulation to inversion regime. The influence of the gate voltage on the RF 
characteristics is obtained in this way. In Figure 8, we plot RF admittance curves of a W/HfO2/
Si MIS structure. The most noticeable point is the fact that the frequency of the inflection 
point of the capacitance signal and the maximum of the conductance signal depends on the 
bias voltage: More positive voltages yield to higher relaxation frequencies. In this case, MIS 
capacitors are in the inversion regime for positive bias and in accumulation for negative ones. 
The main conclusion is that the inversion layer at the interface channel affects to the dipole 
relaxation in such a way that it occurs at higher frequencies. In accumulation, the voltage drop 
in the oxide is equal to the applied gate voltage, whereas in depletion or inversion regime, 
part of the applied voltage drops in the semiconductor layer close to the interface. Hence, 
higher electric field exists on the accumulation regime, dipole orientation is more effective in 
this regime, and dipoles could not respond to so high frequencies as in the inversion regime. 
Figure 9 shows this effect from a three-dimensional point of view.

In order to check the influence of top electrode material on this effect, the same measurements 
were carried out on similar samples with nickel instead tungsten as top electrode (Figure 
10). In this case, relaxation occurs at lower frequencies (15 MHz) and no influence of voltage 
bias on the dipole relaxation frequency values was observed. This can be due to some Fermi 
level pinning effect in the nickel samples. Also, it can be related to the fact that nickel ions 
diffuse inside the insulator. These charged ions create local electric fields that interact with 
insulator dipoles in such a way that relaxation occurs at lower frequencies. Local electric field 

Figure 8. Frequency variations of capacitance (a) and conductance (b) for a W/HfO2(10 nm)/Si MIS capacitor at different 
voltage values.
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 dominates over the external applied field, and the resonance frequency results independent 
of the externally applied voltage.

From the resistive switching point of view, it can be worth to point out here that W/HfO2/Si 
MIS samples do not show any RS behavior, whereas Ni/HfO2/Si MIS samples exhibit unipolar 
RS due to the CBRAM mechanism [8, 17]. The set mechanism is controlled by the thermally 

Figure 9. Three-dimensional plots showing frequency and voltage variations of capacitance (a) and conductance (b) for 
a W/HfO2(20 nm)/Si MIS capacitor.

Figure 10. Three-dimensional plots showing frequency and voltage variations of capacitance (a) and conductance (b) for 
a Ni/HfO2(20 nm)/Si MIS capacitor.
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enhanced diffusion of Ni ions induced by local Joule heating, forming a connected nano-
filament path. In the reset process, the previously formed filament is partially broken, limit-
ing the current flow. These results agree well with the RF results described before. When no 
local electric field is detected, there is not resistive switching, as in the W top electrode case. 
However, in the Ni top electrode case, a local electrical field is detected as a consequence of 
the diffusion of Ni ions that, in the end, form the conductive filaments thus provoking the RS 
phenomena.

More detailed studies in this matter should be done in order to connect in more extent the 
resistive switching behavior with the dielectric properties.

4. Resistive switching modeling

A better knowledge of the nature of the switching behavior requires extending the previous 
experiments in a wide range of temperatures [18]. We reported an analytical model which fit 
well with the experimental results for temperatures ranging from 77 to 400 K [17]. This model 
assumes that the conductive filament does not entirely extend from the top to bottom elec-
trode, and it is interrupted in a region close to one of the electrodes, as is drawn in the inset of 
Figure 11. This gap region behaves as a barrier for the conduction. When the barrier is narrow 
enough, a current can flow through it by tunneling, and the device is at the low-resistance 
state. On the contrary, when part of the filament closer to the gap is dissolved, the barrier 

Figure 11. Fitting of a unipolar LRS cycle with the single tunneling barrier analytical model for a Ni/HfO2/Si MIS 
capacitor.
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becomes thicker and tunneling can-not take place, so producing the low-resistance to high-
resistance switching. Very good fitting is obtained with this model as is plotted in Figure 11, 
where the red line is the experimental I-V curves, and the blue line is the best fitting obtained 
with the following transcendental equation, which is the basis of this model:

   V  1   = V −   
 R  ∞  

 ___  R  0  
   ·  V  1   ·  e   α· V  1     (1)

where V1 is the voltage drop in the barrier, V is the applied bias voltage, and R0 and R∞ are 
the resistance of the conductive filament at 0 V, and when reset occurs, respectively, α is a 
parameter very closely related to the barrier tunneling probability, that is, with the filament 
gap thickness.

An improvement in the previous model assumes a double barrier instead of a single one, as 
it is illustrated in Figure 12. In this model, the current through the barriers is described by a 
Fowler-Nordheim law as follows:

  I =   1 __ R   ·  E   2  ·  e   −α/E   (2)
and the barrier thickness is related to the voltage according a potential law:

  t  (  V )    =  V   λ   (3)

Figure 12. Fitting of a unipolar LRS cycle with the double tunneling barrier analytical model for a Ni/HfO2/Si MIS 
capacitor.
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5. Conclusions

Resistive switching behavior in Ta2O5-TiO2-Ta2O5 and TiO2-Ta2O5-TiO2 stacks-based MIM struc-
tures was reported. Dielectric layers were grown by ALD. The best results were obtained for 
75 × TiO2 + 3 × Ta2O5 + 75 × TiO2 ALD cycles, yielding around 1 monolayer of Ta2O5 in a struc-
ture with the total thickness of 5 nm. In this sample, wide RS loops were obtained. Moreover, 
current window of high- and low-resistance states opens as set voltage value increases, with 
very adequate repetitiveness. In order to try to connect the dielectric properties with the RS 
behavior, some high-frequency impedance measurements were carried out in W/HfO2/Si and 
Ni/HfO2/Si MIS samples. The detection of a local electric field in the last ones can be related to 
the diffusion of ions from the top electrode that creates the conductive filament and provoke 
the resistive switching effect. Finally, an analytical model based on double tunneling barrier 
was applied to low-resistance cycles of Ni/HfO2/Si MIS structures, with very good fitting. With 
respect to the single tunneling barrier, the sharp fall of current at the reset transition (low to 
high resistance) is also fitted.
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Abstract

The present chapter is devoted to the recent trends in the field of the advanced corrosion
protective layers elaboration. The chapter begins with brief classification of the standard
aluminum alloys, remarking their importance for the transport sector, as well as the
basic corrosion forms, typical for these alloys. It continues with the basic requirements
regarding the elaboration of durable and reliable coating systems and the factors of
detrimental effect during the service life time. The concept for passive and active corro-
sion protection capabilities is remarked as well. After description of the need for multi-
layered coating systems elaboration, the function of each layer is described beginning
from (i) UV light–absorbing exterior layers, (ii) self-repairing reinforced intermediate
barrier layers, and (iii) cerium oxide primer layers (CeOPL). The importance and the
basic approaches for metallic alloy preliminary treatment are remarked, as well. Finally,
the basic concepts and the function of each layer in advanced multilayered coating
system are summarized in a special section. The chapter finishes with brief conceptual
description of two advanced versatile technological synthesis methods, which enable
elaboration of organic/inorganic hybrid polymers and reinforcing nanoparticles.

Keywords: aircraft alloys, corrosion protection, cerium conversion coatings, techno-
logical aspects, hybrid and nanocomposite materials, corrosion inhibitors, multifunc-
tionality

1. Aluminum alloys as basic constructional material for the aircraft and
transport industry

Aluminum (Al) is a lightweight relatively easily treatable metal that possesses an aptitude for
passivation by formation of a natural oxide layer. Nevertheless, the pure Al is inapplicable in the
industrial practice, since it does not present satisfying mechanical properties. The Al-based and
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magnesium (Mg)-based materials used for construction of various transport devices and vehicles
must correspond to industrial standards, to construct transport equipment with reliable and
predictable properties and performance. Recently, besides in the aircraft industry [1–3], the
aluminum alloys have found continuously increasing applications for car body panels [4] and
even in the modern shipbuilding [5, 6]. Besides, it is a common practice to apply multilayered
coating systems for corrosion protection of metallic details, assemblies, and entire vehicle con-
strictions [7] (Figure 1).

According to the worldwide nomenclature, the Al alloys are denominated as “AA”with four
digit numbers that reveal their chemical compositions as follows: AA1XXX—almost pure Al;
AA2XXX with 1.9%–6.8% of copper (Cu); AA3XXX with 0.3%–1.5% of manganese; AA4XXX
with silicon (Si) addition between 3.6% and 13.5%, AA5XXX with Mg content between 0.5%
and 5.5%; AA6XXX prepared by both Mg 0.4%–1.5% and Si 0.2%–1.7%; AA7XXX with zinc
(1%–8.2%); and finally, AA8XXX with other additives [14]. The rest three digits reveal the
lower content elements and the acceptable contaminant concentrations. The compositions of
the most widely used Al–Cu alloys, according to ISO 3522-2007, are summarized in Table 1
[14].

The aluminum alloys are ranked second following the steels for industrial and household
applications. Their mechanical properties—strength, stiffness, and durability—combined with
their low weight and relatively low price make them preferable constructive materials. For
instance, about 70% of all metal details in the nowadays airplanes are composed of aluminum
alloys [3]. Irrespective of their excellent mechanical properties, these alloys exhibit a serious
disadvantage—they are susceptible to corrosion. It is attributed to the additive components
(Cu, Fe, Mn, Mg, Si, and so forth), which form intermetallics of a various composition dis-
persed throughout the aluminum matrix during the alloys hot rolling. In aggressive media,
such as chloride ions containing ones, these inclusions become centers of initiation and further
proliferation of localized corrosion [15].

Figure 1. Various kinds of vehicles composed by aluminum alloys. (a) Airbus A380 [8], (b) Boeing 747 [9], (c) Antonov 225
[10], (d, e) aluminum car bodies [11], (f) aluminum ship type Littoral Combat Ships [12], (g) aluminum sport boat [13].
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2. Corrosion processes nature and impact

According to the exact definition, the corrosion, according to IUPAC, is a physical-chemical
interaction between a metal and its environment, which results in changes in the properties of
the metal and which may often lead to impairment of the function of the metal, the environ-
ment, or the technical system of which these form a part [16].

Nowadays, the term “corrosion of the materials” comprises a large variety of detrimental
processes which lead to lose of material integrity andmechanical properties of the corresponding
details. Thus, recently, concepts for “corrosion of the plastics,” formulated by Hojo et al. [17], as
“degradation of polymeric materials with chemical reaction in which themolecular chains is cut”
or “glass materials corrosion” [18], described as “fast and structure-dependent proton/cation(s)
exchange and associated volume contraction which mechanically ruin the parts.” In addition, the
term “corrosion” already includes “microbially induced corrosion (MIC)” [19–21] caused by the
metabolism of various acidogenic microorganisms or alcaligenes. The anaerobic microorgan-
isms, such as iron-reducing bacteria (IRB) and sulfate reduction bacteria (SRB), also cause
considerable corrosion damages [19]. The former reduces the insoluble ferric corrosion products
to the soluble ferrous ones, whereas the latter reduces sulfate to sulfide compounds, contributing
for additional cathodic activity enhancement. In general terms, all the corrosion processes result
in partial or complete destruction of the metallic details.

Particularly, the metal corrosion processes possess electrochemical nature, and their appear-
ance, rate, and impact are strongly dependent on the metal part features (i.e., structure and
composition) and the environmental conditions (i.e., temperatures, pH, oxidant concentra-
tions, and so forth).

Davis [22] has summarized all the basic corrosion impact forms, classifying them in uniform
and localized corrosion phenomena (Figure 2).

Designation Si% Cu% Mn% Mg% Ni% Ti% Others%

AA2011 0.4 max 5.0–6.0 — — — — Pb–0.4, Bi–0.4

AA2014 0.5–1.2 3.9–5.0 0.4–1.2 0.2–0.8 — 0.15 max —

AA2017 0.2–0.8 3.5–4.5 0.4–1.0 0.4–0.8 — 0.15 max —

AA2018 0.9 max 3.5–4.5 — 0.4–0.9 1.7–2.3 — —

AA2024 0.5 max 3.8–4.9 0.3–0.9 1.2–1.8 — 0.15 max —

AA2025 0.5–1.2 3.9–5.0 0.4–1.2 — — 0.15 max —

AA2036 0.5 max 2.2–3.0 0.1–0.4 0.3–0.6 — 0.15 max —

AA2117 0.8 max 2.2–3.0 0.2–0.5 — — — —

AA2124 0.2 max 3.8–4.9 0.3–0.9 1.2–1.8 — 0.15 max —

AA2218 0.9 max 3.5–4.5 — 1.2–1.9 1.7–2.3 — —

AA2219 0.2 max 5.6–6.8 0.2–0.4 — — 0.02–0.10 V–0.10 Zr–0.18

AA2319 0.2 max 5.6–6.8 0.2–0.4 — — 0.10–0.20 V–0.10 Zr–0.18

Table 1. Nominal standard compositions of copper-containing aluminum alloys.
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Finally, it is worth to remark that the corrosion process can alter its form pitting to intergranular
[23]. The occurrence of especially cyclic mechanical loading enhances the corrosion impact,
resulting in complete assembly or equipment failure. In general terms, the corrosion processes,
related to the industrial alloys, usually begins as galvanic corrosion on the alloys’ surface and
continue subsequently as complete selective dissolution of the more active composing metals.
Afterward, the complete dissolution of these alloy’s components, resulting in pitting corrosion,
continues in depth on the grain boundaries inside the metallic alloy, converting to intergranular
corrosion. This already severe form of corrosion can lead to large domains exfoliation, due to
thermal expansion of the heaped corrosion products and the entrapped moisture freezing. All
these localized corrosion forms decrease the efficient cross-section of the metallic details, com-
posing whatever assembly or construction. Finally, all these processes together lead to complete
constructional failure, being sometimes even potential danger for the human life. One of the
most famous cases is the accident with flight no. 243 at 1988 [24] (Figure 3).

After this accident, all the worldwide aircraft industry has accepted regular inspections, and
the exploitation lifetime of the used commercial airplanes has been strongly restricted, in terms
of maximal permitted flight hours, before decommission.

Thus, from all statements mentioned above, it can be considered that the term “corrosion”
relays to whatever physical, chemical, or biological process which causes gradual geometrical
shape altering and mechanical properties deterioration of given solid state object of industrial
origin, due to interactions with its surrounding environment.

To prevent all these phenomena, the metallic surfaces should be insulated from the surrounding
environment by coating. However, it should be mentioned that even the protective coatings

Figure 2. Basic types of corrosion phenomena, according to Davis [22].
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suffer destructive ageing processes and consequently should be created advanced coating sys-
tems with extended durability and capabilities for active protection even after any damage of
their integrity.

3. Protective coatings and layers: basic requirements

The efficient corrosion protection is only achievable when dense, uniform, and adherent layers
are deposited. These protective layers should serve as efficient barriers against corrosive species
ingress toward the protected metallic surface. However, these protective layers suffer the sur-
rounding environment impact, as well. Consequently, the protective layers are susceptible to
deterioration until barrier layer failure. Such failure can appear due to various reasons, like:

• Mechanical impact—caused by scratching, friction, and so forth

• Thermal expansion coefficient noncompliance—between the metallic surface and the pro-
tective layer itself.

• Chemical impact—when organic solvents or strong oxidants occur in the surrounding
environment.

• Sunlight radiation—The UV spectrum of the sunlight radiation causes polymer chain dis-
ruption by direct scission or by photoinduced oxidation with the presence of oxidants [25].

Undoubtedly, the real exploitation conditions usually include combinations of the above men-
tioned detrimental factors. Thus, the coating systems should form durable adhesive barrier layers
to execute efficiently their function of passive corrosion protection. Hence, in the industrial prac-
tice, the deposition ofmultilayered coating systems is commonlyaccepted practice (Figure 4). This

Figure 3. Photography of the flight accident happened at 28th of April 1988 due to corrosion fatigue [24].
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approach enables deposition of advanced barrier coatings, where each composing layer has its
own function.

However, recently new requirements arisen, related to further extension of the corrosion
protective capabilities after barrier layer integrity disruption. Consequently, nowadays, coat-
ing systems should be capable for active corrosion protection, after damaging of their integrity.
There are three basic roads to achieve active corrosion protective abilities:

• Incorporation of corrosion inhibitors

• Encapsulation of polymerizable compounds

• Introduction of hydrophobic compounds

• Addition of UV absorbers

According to the application of the coating system, other more specific requirements should
appear. Montemor [26] proposes more complete classification of the beneficial properties and
the respective requirements, related to the coating system application (Figure 5).

Other actual aspects related to the elaboration of advanced corrosion protective layers are rather
related to the technological approaches used for their synthesis and deposition and the respective
coating ingredients. In other words, every new coating system elaboration should comply the
environmental restrictions, related to the use of volatile organic compounds (VOCs), [27, 28] and
toxic metals, such as Pb, Cr, As, and so forth [29, 30].

Figure 4. Schematic presentation of multilayer coating system according [7]. (1, 2) finishing double layer of polyurethane,
(3) intermediate adhesive layer; (4) primer hybrid coating; (5) metal substrate.
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This considerable variety of requirements, related to the elaboration of durable and reliable,
environmentally compliant coating systems with active corrosion protective capability impose
the need for multilayered systems, where each layer has its own function. Thus, the coatings
have at least exterior films, intermediate layers, and coating primers. Hence, the large number
of requirements can be distributed to each one of the coating layers to obtain advanced
multilayered coating system.

4. Exterior protective coatings and layers: basic requirements

The main function of the exterior layers is to protect the coating intermediate and primer layers
against the impact of the surrounding environment. These exterior layers should possess
mechanical strength against abrasion with high-speed solid particles, like dust or ice fogs,
which spoil the fuselage metallic surface with the same speed as of the flight (i.e., up to 850–
900 km/h). Other properties necessary for extension of the coating service lifetime are UV light
absorption ability and hydrophobicity. The former property can be rendered by addition of UV
absorbers into the external layers’ composition. In this sense, Guillet [25] proposes several bi-
phenyl, carbonyl-based compounds (Table 2).

Because the direct inclusion of these compounds to polymeric chain matrix is related to
considerable difficulties, their preliminary incorporation in porous nanoparticles looks more
appropriate approach. In this sense, ZnO, TiO2, and titanates-based porous nanoparticles are

Figure 5. Overview of surface properties that can be developed or enhanced through functionalization by organic,
inorganic or hybrid coatings, according to Montemor [26].
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much appropriated, since these oxides possess photochemical properties, as well. Besides, the
photosensitizing of TiO2 particles is well-known method used for other applications such as
photocatalysis [31], UV-spectrum photosensors [32, 33], elaboration of alternative energy
sources [34, 35], and so forth.

Nevertheless, the approach of involvement of TiO2 with incorporated photoabsorbers should be
applied very attentively because the TiO2 particles possess photodecomposition activity [36–39],
and the organic UV light absorbers can terminate the polymerization processes of the basic
coating layer matrix synthesis. Consequently, the elaboration of such coating compositions by
addition of TiO2 particles loaded by photoabsorbers should be combined by systematic compar-
ative investigations with long-term UV-illumination, to detect whatever incompatibility effects
on the basic polymer matrix. On the other hand, the successful introduction of preliminary
impregnated titania nanoparticles into the basic polymer matrix converts the final coating as a
composite material, where the TiO2 particles serve as reinforcing phase, enhancing the mechan-
ical strength, whereas the organic UV absorbers protect the polymer matrix against photochem-
ical degradation. On the other hand, since ZrO2 occupies the second place of the Mohs hardness
scale after the diamond. That is why, zirconia-based composite protective coatings are already
proposed for epoxide [40] and hybrid [41] polymer matrix.

Another aspect for barrier properties enhancement and service lifetime extension is to render
hydrophobicity of the coating surface. Undoubtedly, one of the most efficient manners to avoid
any corrosion phenomena is to render hydrophobic properties to the metallic surface. The
surface hydrophobicity remarkably decreases the contact area with water condense. Another,

Name Structural formula
Wavelength of maximal
absorbance

Specific
absorptivity

2-Hydroxy-4-methoxy benzophenone 326 nm 42.4

2,20-Dihydroxy-4-
methoxybenzophenone

327 nm 41.2

2,20-Dihydroxy-4,40-
dimethoxybenzophenone

343 nm 50.2

Phenyl salicylate 310 nm 23.6

2-(20-Hydroxy-50-methylphenyl)-
benzophenone

340 nm 73.0

Table 2. UV light–absorbing compounds proposed by Guillet [25].
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much more important benefit is that the water drops have low cohesion to the metallic surface
and can be leached from it by the spoiling air streams during flight. The hydrophobic surfaces
do not allow water film formation on the metallic surface, preventing continuous contact
between the metallic surface and any corrosive electrolyte.

The actual trends for hydrophobic and super-hydrophobic coating layers development are
based on the formation of highly textured cerium oxide primers with micro and nanoflower
[42], Gecko footprint [43] morphologies. This approach enables to avoid also the snow and ice
heaping on the wings, which was the suspected reason for the aircraft crash at 7th of February
1958 in Munich, which was appeared to be a great disaster for the “Manchester United”
football team during large years [44].

Nowadays, the de-icing procedures accepted as a common practice for the winter time exploi-
tation in the commercial aircraft services appears the main reason for inconveniences, often
related to schedule delays. In addition, these operations increase the economical spends,
related to the needs for deicing solutions, staff, and equipment. In this sense, the hybrid
polyfluorinated hybrid coatings [45] appear to be rather attractive alternative, since these
coating materials combine the hydrophobicity with the beneficial features of the hybrid mate-
rials, discussed in the previous sections.

An interesting approach appears to be the proposed one by Arellanes-Lozada et al. [46]. This
author’s work-team proposes poly(1-vinyl-3-alkyl-imidazolium hexafluorophosphate, as cor-
rosion inhibitor for aluminum corrosion in acidic media. This polymer seems really interesting,
since it is able to be used as an alternative hydrophobic coating system, because it combines
the beneficial effects of the presence of phosphate groups, long aliphatic chains, and hydro-
phobic fluorine moieties (Figure 6).

Figure 6. Schematic model of the corrosion protective action of poly(1-vinyl-3-alkyl-imidazolium Hexafluorophosphate
toward AA 6061, proposed in [46].
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Finally, it is important to mention that the exterior finishing coating layers should possess good
adhesion to the intermediate layers. This indispensable property can be achieved easily when
the basic polymer matrix is based on the same ingredients. Thus, some recent trends for
development of the basic matrix of the exterior layers are described in the next paragraph.

5. Intermediate coating layers: barrier properties and self-reparation
abilities

The polymer matrixes can possess organic nature, like polyepoxides, polyurethanes,
polymethylmethacrilates, and so forth, or to have inorganic composition, being in form of
glasses (i.e. silicates). Recently, various intermediate classes of materials have been introduced
in the industrial practice. Hence, the use of organically modified inorganic polymers or hybrid
materials opens entire new directions for advanced polymer matrix development. Haas and
Rose [47] have done a versatile classification, including namely these intermediate classes of
materials (Figure 7).

Figure 7. Classification of the basic types of polymer materials, according to Haas and Rose [47].
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These intermediate groups of materials enable specific combination of the beneficial features of
both the organic and inorganic composing moieties as follows [48, 49]:

• Organic part: (i) improved adhesion to the finishing organic paint layers; (ii) elasticity for
compensation of the higher dilation coefficient, possessed by the metallic substrate; and
(iii) hydrophobicity.

• Inorganic part: (i) improved adhesion to the coating primer layers; (ii) thermal resistivity;
and (iii) mechanical strength.

In this sense, Frignani and coauthors have done [50] comparative assessment of primer coat-
ings, obtained from alkoxides with different aliphatic chains, as follows: c n-propyl

Figure 8. Schematic view of self-assembled barrier protective film on aluminum surface according to Frignani et al. [50].
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trimethoxysilane-C3H7-Si-(OCH3)3; n-octyl trimetoxisilane-C8H17-Si-(OCH3)3; n-octadecyl
trimethoxysilane-C18H37-Si-(OCH3)3 and bis-trioximethyl-silyl-ethane – (CH3O)3-Si-C2H7-Si-
(OCH3)3. As conclusion, the authors have established that the larger aliphatic chains enhance
the obtaining of thicker layers. The aptitude for self-healing provided by the hydrophobic
intermolecular attraction (Figure 8), with simultaneous repulsion of entrapped water drops
appear additional beneficial properties

These layers reveal aptitude for self-assembling, and this kind of hybrid materials is also
known as (SAM—self-assembled monolayers). They have significantly lower number and size
of defects in their structures and thus enable more efficient protection via formation of dense
barrier layers [51, 52].

Another strategy is to encapsulate polymerizable substances. In this case, polymerizable com-
pounds are enclosed inside polymer or glass capsules to polymerase when are exposed to air,
by mixing each other or by toughing ingredients of the basic matrix. Following this concept,
several authors [53, 54] have characterized an epoxy resin loaded by urea-formaldehyde
submicrometer-sized capsules, filled with dicyclopentadiene as an active healing agent.
Recently, three review works have been done over the variety of possible self-healing organic
coatings [55–57] (Table 3).

The protective properties of the intermediate layers can be further improved, by addition of
ceramic micro-sized and nanosized particles as reinforcing phase. In this sense, CeO2 [58, 59]
and titanium dioxide (TiO2) [60, 61] have been recently obtained by precipitation from colloi-
dal systems. Both these oxides possess significant mechanical and thermal strength and can be
successfully used as reinforcing phase of advanced nanocomposite coating systems with

No
Self-reparation
mechanism Examples for self-reparation agents

1. Molecular
interdiffusion

Poly(methyl methacrylate) (PMMA) and PMMA–poly(methoxyethyl acrylate) (PMEA)
copolymers

2. Photo-induced self-
healing

1,1,1-Tris-(cinnamoyloxymethyl) ethane (TCE) with urethane dimethacrylate (UDME),
triethyleneglycol dimethylacrylate (TEGDMA)–based monomers

3. Recombination of
chain ends

Reactions such as polycarbonate (PC), polybutylene terephthalate (PBT), polyetherketone
(PEK), and PEEK, polyphenylene ether (PPE)

4. Reversible bond
formation

Organosiloxanes, ionomers

5. Living polymer
approach

Living ring-opening metathesis polymerization (ROMP)

6. Self-healing by
nanoparticles

Described above

7. Hollow fiber
approach

Described above

8. Microencapsulation
approach

Diglycidyl ether of bisphenol-A (DGEBA), nadic methyl anhydride (NMA), benzyl
dimethylamine (BDMA)

Table 3. Possible self-healing mechanism and active reparation agents according to Wu et al. [55].
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extended durability. In addition, when these particles are preliminary filled by corrosion
inhibitors, the final nanocomposite coatings obtain additional capability for active corrosion
protection by gradual inhibitor release in the damaged zones, as it is already proposed by
Zheludkevich et al. [48, 62] (Figure 9).

A promising alternative to the use of ceramic nanoparticles as inhibitor containers reinforcing
the basic polymer matrix is the involvement of carbon nanoparticles (CNP) [63, 64]. Especially,
the hollow carbon nanotubes (CNT) allow to be filled by inhibitors via intercalation. Indeed,
the remarkable adsorption capability of the carbon-based materials was demonstrated by
Lavrova [65] and Jumayeva et al. [66].

Various corrosion inhibitors are recently tested to substitute the already banned Cr(VI) com-
pounds. Hence, the corrosion inhibition capability of benzotriazole and tolyltriazole [67–70]
was examined, evincing the possibility for the use of these compounds as corrosion inhibitors.
The inhibition mechanism of these compounds is based on film formation via adsorption on
the metallic surface or by precipitation of derivative complex compounds. In this sense, the UV
light absorbers, proposed by Guillet [25] (Table 2), should also possess potential corrosion
inhibitive effect, protecting simultaneously both the coating polymer matrix against UV radia-
tion, metallic surface against corrosion.

Alternatively, Cotting and Aoki [71] have proposed to encapsulate cerium-based corrosion
inhibitor inside polystyrene capsules before their inclusion in an epoxide matrix. Indeed, the
lanthanides have also shown high inhibition efficiency, due to their aptitude to form insoluble

Figure 9. Schematic view of self-healing effect by inhibitor gradual release from reinforcing nanoparticles.
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hydroxides with the free OH� ions in the corrosive medium. The compounds of these elements
are particularly efficient for corrosion prevention of Al corrosion, since this metal and its alloys
are very susceptible to corrosion even in weakly alkaline media. Among the lanthanides, the
cerium compounds have shown the highest inhibition efficiency [72]. In this sense, various
comparative investigations have been performed, to determine the influence of Ce(III) or Ce
(IV) compounds [73–75], the optimal Ce-inhibitor concentration [73, 75, 76], as well as the
impact of the anionic moiety of the respective Ce-salt [76]. As general results of these research
activities, it was evinced that the Ce(III) compounds are much more efficient inhibitors for
AA2024-T3, whereas the Ce(IV) ones can even enhance the corrosion attack at higher concen-
trations. Furthermore, for each Ce(III) compound, an optimal concentration threshold exists,
depending on the alloy to be protected, the corrosive medium properties, and so forth. Thus, at
higher concentrations, the Ce-compounds enhance the corrosion instead to inhibit it. Here, the
term “catalyst” is not appropriate, because the Ce-compounds also suffer chemical conver-
sions, being activators of the corrosion processes. As was already mentioned above, the Ce-
compounds and the organic inhibitors follow different mechanisms of inhibition. Besides the
former decelerate the cathodic reactions, affecting predominantly the cathodic zones, whereas
the latter form protective films on the entire metallic surface. Consequently, a question has
appeared about whether a synergistic effect could occur between these distinguishable kinds
of inhibitors. Hence, recently, the potential synergism between both kinds of inhibitors was
examined by various authors on Al/Cu couples [77], AA5052 alloy [78], and even carbon steel
[79]. Finally, the Ce-compounds have shown capabilities to form uniform adherent primer
layers at defined conditions.

6. Cerium oxide primer layers deposition: basic concepts and requirements

The basic function of the primer coating layers (i.e., the coating primers) is to improve the
adhesion between the native Al-oxide layer of the metallic substrate and the upper (i.e.,
intermediate and finishing) layers, commented in the previous sections. Some authors even
report for self-healing properties, possessed by these films [80].

Undoubtedly, among the basic advantages of this group of coatings is the possibility to deposit
them by physical [81, 82], electrochemical [83–87], or chemical methods [88–94]. Regardless the
method applied for cerium oxide primer layer (CeOPL) deposition, the respective technologi-
cal regime includes three basic stages: (i) preliminary treatment of the metallic substrate, (ii)
the CeOPL deposition itself, and (iii) final sealing of the already deposited CeOPL film [94, 95].
In this sense, a large field of possible combinations among the conditions for execution of each
technological procedure exists.

As was mentioned in the previous sections, the inhibitor effect of the cerium compounds is
based on the precipitation of Ce(OH)3 and/or Ce(OH)4, predominantly on the cathodic areas of
the Al alloys (composed by nobler metals), due to the cathodic reduction of the dissolved
oxygen. However, the real mechanism is much more complicated and includes participation
of intermediate peroxo-complexes [93, 94].
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cal regime includes three basic stages: (i) preliminary treatment of the metallic substrate, (ii)
the CeOPL deposition itself, and (iii) final sealing of the already deposited CeOPL film [94, 95].
In this sense, a large field of possible combinations among the conditions for execution of each
technological procedure exists.

As was mentioned in the previous sections, the inhibitor effect of the cerium compounds is
based on the precipitation of Ce(OH)3 and/or Ce(OH)4, predominantly on the cathodic areas of
the Al alloys (composed by nobler metals), due to the cathodic reduction of the dissolved
oxygen. However, the real mechanism is much more complicated and includes participation
of intermediate peroxo-complexes [93, 94].
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Scholes et al. [93] have made a simplified scheme (Figure 10) of the processes proceeding
during the CeOPL deposition, after addition of H2O2 as deposition activator.

The deposition of uniform, dense, and adherent CeOPL films instead of obtaining of discrete Ce
precipitates appears a great challenge namely because of the complicated chemical mechanism.
Besides the influence of the Ce-compound type and concentration, and, of course, the H2O2

activator content, the deposition mechanism and rate can be driven by regulation of various
factors, like pH, temperature, occurrence of additives, and so forth. In this sense, the beneficial
effect of various additives has been evinced, like black cuprous oxide “smut” [94], Al3+, and Cl�

ions [96], pH-buffers [90, 97], and so forth. The recent work of Jiang et al. [98] has proposed
combined Ce-V conversion layers for protection of magnesium alloys, discovering entire new
direction for elaboration of combined conversion coatings. Finally, it should be mentioned that
the metallic surface roughness and composition are of key importance for the quality and
performance of the CeOPL, predetermining its adherence, structure, and density. The metallic
surface characteristics can be easily modified by suitable preliminary surface treatment.

Figure 10. Schematic summarizing of the proposed mechanism of the cerium oxide layer deposition by Scholes [93].
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7. Preliminary treatment procedures: basic concepts

The purpose of the preliminary treatment procedure is to modify the metallic substrate surface
to be suitable for deposition of uniform and adherent primer layers. The impact of the prelim-
inary surface treatment procedures comprises both the metallic surface roughness (by mechan-
ical grinding in laboratory’s conditions, or sand blasting in industrial scale) and the superficial
chemical composition (by selective dissolution of the intermetallic inclusions, or affecting the
surface oxide layer [92]).

The commonly accepted preliminary treatment procedures include four basic steps:

• Degreasing—by organic solvents, for removal of the temporal anticorrosion protective
layer, deposited by the corresponding Al-producer, for protection during the alloy storage
and transportation before its use for production of Al-details and tools.

• Mechanical grinding—This procedure is being performed by emery papers in laboratory’s
conditions and sand blasting, in real industrial scale. The basic purpose of this procedure
is to smooth the metallic surface and to remove the thicker oxide layer, formed during the
finishing metallurgical thermal posttreatment. Of course, immediately after this proce-
dure, a new oxide layer is being formed on the bare metallic surface (even underwater
film) because the exceptional passivation aptitude of this metal.

• Alkaline etching—This procedure results in dissolution of the surface aluminum layer,
penetrating through the thin oxide layer, due to its defective structure and nonuniform
composition. Usually, this film consists of boehmite γ-AlO(OH) domains with about
5 nm of thickness [99]. Even the corundum Al2O3 fraction has strongly defective surface,
due to the incompleteness of the superficial crystalline lattice cells. That is why, the
surface oxide layer cannot protect the underlying metal against the aggressive OH�

attack.

In addition, the surface oxide layers of the highly doped Al alloys are always interrupted by
the intermetallic inclusions on the alloy’s surface.

• Acidic desmutting—The purpose of this procedure is to remove the black smut of the
oxides of the intermetallic inclusions (like Cu2O, CuO, MnO2, and so forth). Usually, this
process is being performed by dissolution in diluted HNO3.

Each one of these operations should be performed very attentively to obtain desirable surface
conditioning. Besides, the optimal technological prescription for given aluminum alloy is not
always appropriate for other alloys.

In this aspect, a comparative systematical investigation [100] was recently performed to eval-
uate the impact of each one of the above mentioned procedures. The authors have compared
four groups of AA2024-T3 plates:

• Group G1: degreasing with an equal ratio of ethanol/ether mixture at room temperature
for 10 minutes subjected to continuous stirring and subsequent abundant washing with
distilled water;
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• Group G2: consecutive grinding with finer graded emery papers of 200, 360, 500 and 800
grit, followed by degreasing procedure with the same conditions as G1;

• Group G3: grinding as for G2 group, followed by etching with weak alkaline solution of
(0.18 M) Na3PO4 and (0.19 M) Na2CO3 for 10 minutes at 30�C and subsequent abundant
washing with distilled water;

• Group G4: grinding as for G2, followed by etching with a strong alkaline solution of
(1.0 M) NaOH, (0.18 M) Na3PO4, and (0.19 M) Na2CO3 for 3 minutes at 60�C, followed
by abundant washing with distilled water, desmutting in (6.0 M) HNO3 solution for 2
minutes at room temperature and a final copious washing with distilled water.

As main conclusion, the authors have established that the highest rate of reproducibility
belongs to the mechanically polished (G2) and the softly etched (G3) groups, whereas the only
degreased (G1) and the hard etched (G4) samples are more distinguishable among themselves.
Besides, the different preliminary treatment procedures have rather distinguishable impacts
on the resulting morphology (Figure 11).

The surface morphology of given Al alloy after any preliminary surface treatment procedure
depends on both its chemical composition and the thermal treatment regime, applied for its
metallurgical production. Thus, although the same chemical composition, the obtained alloys
could possess completely different mechanical properties, predetermined by the finishing metal-
lurgical thermal treatment. Indeed, in another comparative investigation, involving CeOPL

Figure 11. AFM images of samples underwent different approaches of superficial treatment; (a) degreasing (G1), (b)
grinding (G2), (c) grinding and etching with a weak alkaline solution (G3) and (d) grinding and etching with a strong
alkaline solution at high temperature (G4).

Figure 12. SEM (a, b) and EDX (c, d) images of the boundary between the bare and the coated areas of AA2024-T3 (a, c)
and D16 AM (b, d) [100].
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deposition at the same regime on AA2024-T3, and its Russian analogue—D16 AM tempered
clad alloy [101], it was established that the CeOPL is much more uniform and fine grained in the
former case, whereas in the latter case, the film is less uniform, because of the tempered shielding
layers (Figure 12).

8. Conceptual summary

Following all the statements and the concepts, described in the present chapter, it can be
inferred that a continuous need exists for elaboration of reinforced multilayered durable
coating systems capable to provide active corrosion protection even after already appeared
mechanical damages. Namely, the providing of durable and reliable corrosion protection
enables extension of the service life time of the engineering construction and equipment
and particularly—transport vehicles and aircraft. Thus, the reliable corrosion protection is
the right way to save economical spends related to the shortening of the service life time
before decommission of the used transport and especially aircraft equipment. In this sense,
the UV light–protected, hydrophobic-reinforced self-reparable coating systems form reli-
able barrier against access of corrosive species to the constructive element metallic sur-
faces.

In this sense, the recent trends related to the elaboration of durable and reliable corrosion
protective systems include several basic directions:

• Introduction of UV-radiation absorbers—to extend the service lifetime of the external
coating layers polymeric matrixes.

• Involvement of reinforcing phases—to enhance the mechanical strength of the coating
exterior finishes and the intermediate interlayers. This phase can serve even for UV-
absorbent and/or corrosion inhibitor carriers.

• Use of hydrophobic and super hydrophobic finishes—to repel the water drops, preventing
water film formation. Besides the hydrophobic intermolecular attraction forces among the
coating ingredients enable additional repulsion of the already penetrated humidity in the
coating bulk, achieving active corrosion protection.

• Encapsulation of active polymerizable agents—to achieve self-healing effect via coating
self-recuperation.

• Addition of environmentally friendly synergistic corrosion inhibitor mixtures—to protect
the metal surface even after coating damage.

• Deposition of reliable environmentally friendly coating primers—to substitute the widely
used but already banned chromium conversion coatings (CCC).

As a result, advanced, environmentally compliant multilayered systems are under elaboration.
Such system is well illustrated by Figueira et al. [102] (Figure 13).

Thin Film Processes - Artifacts on Surface Phenomena and Technological Facets196



deposition at the same regime on AA2024-T3, and its Russian analogue—D16 AM tempered
clad alloy [101], it was established that the CeOPL is much more uniform and fine grained in the
former case, whereas in the latter case, the film is less uniform, because of the tempered shielding
layers (Figure 12).

8. Conceptual summary

Following all the statements and the concepts, described in the present chapter, it can be
inferred that a continuous need exists for elaboration of reinforced multilayered durable
coating systems capable to provide active corrosion protection even after already appeared
mechanical damages. Namely, the providing of durable and reliable corrosion protection
enables extension of the service life time of the engineering construction and equipment
and particularly—transport vehicles and aircraft. Thus, the reliable corrosion protection is
the right way to save economical spends related to the shortening of the service life time
before decommission of the used transport and especially aircraft equipment. In this sense,
the UV light–protected, hydrophobic-reinforced self-reparable coating systems form reli-
able barrier against access of corrosive species to the constructive element metallic sur-
faces.

In this sense, the recent trends related to the elaboration of durable and reliable corrosion
protective systems include several basic directions:

• Introduction of UV-radiation absorbers—to extend the service lifetime of the external
coating layers polymeric matrixes.

• Involvement of reinforcing phases—to enhance the mechanical strength of the coating
exterior finishes and the intermediate interlayers. This phase can serve even for UV-
absorbent and/or corrosion inhibitor carriers.

• Use of hydrophobic and super hydrophobic finishes—to repel the water drops, preventing
water film formation. Besides the hydrophobic intermolecular attraction forces among the
coating ingredients enable additional repulsion of the already penetrated humidity in the
coating bulk, achieving active corrosion protection.

• Encapsulation of active polymerizable agents—to achieve self-healing effect via coating
self-recuperation.

• Addition of environmentally friendly synergistic corrosion inhibitor mixtures—to protect
the metal surface even after coating damage.

• Deposition of reliable environmentally friendly coating primers—to substitute the widely
used but already banned chromium conversion coatings (CCC).

As a result, advanced, environmentally compliant multilayered systems are under elaboration.
Such system is well illustrated by Figueira et al. [102] (Figure 13).

Thin Film Processes - Artifacts on Surface Phenomena and Technological Facets196

9. Advanced technological approaches

Besides the VOC-emission removal, the rest general trend in the technological aspect regarding
the elaboration of advanced corrosion protective coating systems is to decrease the number of
the intermediate technological states and the related energetic and material spends.

9.1. Sol-gel road

The literature analysis shows that recently the sol-gel approach enlarges its application, being
more attractive for ease synthesis of hybrid polymer matrixes, able to combine the benefits of
the organic and inorganic moieties (discussed above). As a result, a miscellaneous organic/
inorganic polymer matrix is being obtained, as is illustrated by Wang and Bierwagen [103]
(Figure 14).

The sol-gel method, with hybrid precursors, like the proposed by Frignani and coauthors [50],
is based on hydrolysis of the metal alkoxides, with coincident polymerization of the hydro-
lyzed radicals. By this manner, the initial precursor mixture (sol) gradually converts to gel.

Figure 13. Schematic view of advanced multilayered coating system capable for active corrosion protection, according to
Figueira et al. [102].
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After deposition and posterior appropriated thermal treatment, the already deposited gel film
converts to solid state protective coating layer.

According to Kozhukharov [104], there are seven basic important conditions, which have to be
driven, to obtain desirable gel product (i.e., dense, uniform film):

• Chemical composition of the liquid medium

• Chemical composition of the precursors (alkoxides)

• Molar factor (ratio between the alcohol as medium and the alkoxides as precursors)

• pH of the medium

• Presence of additives

• Temperature

• Pressure and chemical composition of the gaseous medium over the gelling system during
the drying (annealing) process

The basic technological stages of the sol-gel synthesis process are illustrated in Figure 15.

As was mentioned in the present chapter, the basic manner for further improvement of the sol-
gel–derived hybrid polymer matrices is to add micro-/or nanosized solid state fine dispersed
phase directly into the sol-gel liquid system at intensive stirring, to obtain equally distribution.
Among the most efficient methods for production nanoparticle production is the so-called

Figure 14. Simplified schematic of bonding mechanism between silane molecules and metal surface hydroxide layer (a)
before condensation: hydrogen-bonded interface; (b) after condensation: covalent-bonded interface [103].
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spray pyrolysis synthesis (SPS). Besides, thin ceramic protective films able to work at very high
temperatures can be produced by so-called spray pyrolysis deposition (SPD). This method is
applicable for protective layer deposition for turbine blades in jet turbines, compressors, and
so forth

9.2. Spray pyrolysis

According to [105], when a liquid drop of solution is already sprayed, it undergoes several
processes in the high temperature space, until its conversion to a solid particle. These processes
are illustrated in Figure 16 and described, in brief, below.

Initially, each drop suffers heating, and evaporation of the solvent (1), until it achieves the stage
A. It could be described as a liquid particle, represented by saturated solution, surrounded by
vapors of the solvent. Afterward, due to the evaporation, an additive solid shell forms (2),
leading to intermediated three phases system (B). It is represented by vapors, solid porous shell,
and still liquid core. That process passes simultaneously with initiation of chemical conversion of
the precursors to the desired product. During this stage, an additive interaction between compo-
nents of the vapors and the solid shell are possible, as well. After completion of the evaporation,

Figure 15. Schematic presentation of the basic stages of the sol-gel synthesis process [104]: (1) initial gel formation, (2) gel
drying, (3) finishing high temperature treatment.
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because of expense of the entire liquid, a spherical solid particle of the product appears (C). The
process could be finished until this stage. That approach is also known as “one drop–one
particle.” It enables production of powder materials with one fraction size of particles. If these
particles are submitted to further calcinations, then they could split up to form even smaller
particles (E). That approach permits production of ultra dispersive nanoparticles. The transition
from stage C to E passes through intermediate stage D. This stage could be reached because of
appearance of cracks and ruptures (4). Their appearance is consequence of mechanical tensions,
due to difference of the temperatures, and the volume expansions between the core and the
surface of the respective particle. Another reason for the crumbling of the particles is that the
processes described above could pass accompanied by polymorphic transitions in the solid phase.

Among the basic advantages of this method is that it enables large scale production of fine
dispersion solid particles by use of rather simple equipment [106].

Figure 16. Thermal processes related to SPS [105].

Figure 17. Basic constructions of spray pyrolysis installations [106, 107] a- vertical chambers; b- horizontal chambers; c-
chambers for film deposition; 1- vessel for precursor solution; 2- gas bottle for carrier gas; 3- spray nozzle; 4- spray burner;
5- gas bottle for combustible; 6- gas bottle for oxidizer; 7- vertical chamber; 8- horizontal chamber; 9- chamber for spray
deposition; 10- electric heaters; 11- powder collectors; 12- substrates for film deposition; 13- filters.
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In general, all the possible modifications of the spray pyrolysis installations are consisted on
several basic operation units, which function is assisted by additional devices. The main equip-
ment components for synthesis via spray pyrolysis method are: 1—spraying nozzle, 2—High
temperature work space (i.e., furnace), 3—product collector for the fine dispersed powder-like
products or film deposition substrate. To insure the regular function of these basic operation
units, additional units are necessary, such as: initial precursor solution containers, nozzle feeding
pumps, carrier gas compressors, thermal energy sources, powder fraction separators, and so
forth. The basic types of SPS/SPD installations are illustrated in Figure 17 [107].

Of course, the spray drops and the respective obtained particles size formation are almost
entirely predetermined by the nozzle construction. There are specially designed nebulizers and
atomizers, which enable nanosized drops formation. Alternatively, nozzle-less spray pyrolysis
equipment is also proposed in the literature [108].

10. General conclusions

Aluminum (Al) is a lightweight, relatively easily treatable metal that possesses an aptitude for
passivation by formation of a natural oxide layer. Nevertheless, the pure Al is inapplicable in
the industrial practice, since it does not present satisfying mechanical properties. Irrespective
of their excellent mechanical properties, these alloys are very susceptible to corrosion, due to
occurrence of alloying phases, which become centers of initiation and further proliferation of
localized corrosion

Nowadays, the term “corrosion of the materials” comprises a large variety of detrimental processes
which lead to lose of material integrity and mechanical properties of the corresponding details. In
addition, the term “corrosion,” already includes “microbially induced corrosion (MIC)”. Particu-
larly, the metal corrosion processes possess electrochemical nature, and their appearance, rate and
impact are strongly dependent on the metal part features (i.e. structure and composition) and the
environmental conditions (i.e. temperatures, pH, oxidant concentrations, and so forth).

Thus, the term corrosion relays to whatever physical, chemical or biological process which
causes gradual geometrical shape altering and mechanical properties deterioration of given
solid state object of industrial origin, due to interactions with its surrounding environment.

To prevent all these phenomena, the metallic surfaces should be insulated from the surrounding
environment by coating. However, it should be mentioned that even the protective coatings
suffer destructive ageing processes and consequently, should be created advanced coating sys-
tems with extended durability and capabilities for active protection even after any damage of
their integrity.

Other actual aspects, related to the elaboration of advanced corrosion protective layers, are
rather related to the technological approaches used for their synthesis and deposition and the
respective coating ingredients. In other words, every new coating system elaboration should
comply the environmental restrictions, related to the use of volatile organic compounds
(VOCs), and toxic metals, such as Pb, Cr, As, and so forth.
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This considerable variety of requirements, related to the elaboration of durable and reliable,
environmentally compliant coating systems with active corrosion protective capability imposes
the need for multilayered systems, where each layer has its own function. The main function of
the exterior layers is to protect the coating underlayers against the impact of the surrounding
environment, like UV light absorption ability and hydrophobicity. The intermediate coating
layers should possess extended barrier properties and self-repairing ability. The actual trend in
this sense is to use hybrid matrix-based polymeric materials, able to combine the benefits of the
organic and inorganic materials. Besides, this approach enables to deposit self-assembled mono-
layers (SAM), composed by siloxanes with large aliphatic chains. They have significantly lower
number and size of defects in their structures, and thus enable more efficient protection via
formation of dense barrier layers. Another strategy is to encapsulate polymerizable substances.
In this case, polymerizable compounds are enclosed inside polymer or glass capsules to poly-
merase when are exposed to air, by mixing each other or by toughing ingredients of the basic
matrix. A promising alternative to the use of ceramic nanoparticles as inhibitor containers
reinforcing the basic polymer matrix is the involvement of carbon nanoparticles (CNP). Espe-
cially, the hollow carbon nanotubes (CNTs) allow to be filled by inhibitors via intercalation.

The basic function of the primer coating layers (i.e., the coating primers) is to improve the
adhesion between the native Al-oxide layer of the metallic substrate and the upper (i.e.,
intermediate and finishing) layers, commented in the previous sections. Some authors even
report for self-healing properties, possessed by these films. Undoubtedly, among the basic
advantages of this group of coatings is the possibility to deposit them by physical, electro-
chemical, or chemical methods. Regardless the method applied for cerium oxide primer layer
(CeOPL) deposition, the respective technological regime includes three basic stages: (i) prelim-
inary treatment of the metallic substrate, (ii) the CeOPL deposition itself, and (iii) final sealing
of the already deposited CeOPL film.

The purpose of the preliminary treatment procedure is to modify the metallic substrate surface,
to be suitable for deposition of uniform and adherent primer layers. The impact of the prelimi-
nary surface treatment procedures comprises both the metallic surface roughness (by mechanical
grinding in laboratory’s conditions, or sand blasting in industrial scale) and the superficial
chemical composition (by selective dissolution of the intermetallic inclusions or affecting the
surface oxide layer). The commonly accepted preliminary treatment procedures include four
basic steps: degreasing, mechanical grinding, alkaline etching, and acidic desmutting.

Finally, it should be remarked that among the various technological approaches, the sol-gel
route and the spray-based techniques have shown to provide the synthesis of various
nanosized materials and thin layer deposition.
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