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Preface

Thin films are thin material layers ranging from fractions of a nanometer to 
several micrometers in thickness. The properties of material differ significantly 
when analyzed in the form of thin films. Thin film technologies make use of the 
fact that the properties can be controlled by the thickness parameter. Thin films 
are formed by deposition generally, using chemical or physical methods. Thin 
films, both crystalline and amorphous, have enormous importance in the age of 
high technology. Thin film technology is a relatively new and growing field in the 
physical and chemical sciences, which is a confluence of materials science, applied 
chemistry, applied physics, surface science, and others.

The properties of thin films are extremely sensitive to the method of preparation. 
Several techniques have been developed and are discussed in this book.

Section I: Properties and Applications

Chapter 1, “Thin Films/Properties and Applications” by Edwin Acosta, covers 
the fundamentals of thin film technology, including deposition techniques, 
structure and morphology, film properties, characterization techniques, and 
applications.

Section II: Characterization

Chapter 2, “Infrared Characterization and Electrochemical Study of Silanes Grafted 
into Surface of Copper” by Mashmoudi Mohamed, investigates the adsorption of 
γ-MPS and γ-APS onto pure copper at different dried conditions and studies the 
possibility of using these two coupling agents’ treatment on copper to enhance its 
corrosion protective performance.

Chapter 3, “Fabrication and Characterization of Cobalt-Pigmented Anodized Zinc 
for Photocatalytic Application” by Judith Chebwogen and Christopher Mkirema 
Maghanga, shows that ZnO film pigmented with cobalt for 20 seconds was found 
to be the most photocatalytic with a rate constant of 0.0317hr-1. Thus, it had the 
optimum cobalt concentration for photocatalytic water treatment and can be 
applied in small-scale water purification.

Section III: Nanoparticles

Chapter 4, “Diverse Synthesis and Characterization Techniques of Nanoparticles” 
by Agnes Chinecherem Nkele and Fabian I. Ezema, provides insight into the knowl-
edge of nanoparticles, their classifications, parameters affecting their efficient 
performance, and synthesis and characterization techniques.

Chapter 5, “Roles of Cobalt Doping on Structural and Optical of ZnO Thin Films by 
Ultrasonic Spray Pyrolysis” by Sabrina Roguai and Abdelkader Djelloul, shows how 
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the authors obtained thin layers of ZnO, Zn1-xCoxO deposited by the ultrasonic 
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report the structural and optical properties of these thin films. Particular attention 
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Chapter 1

Thin Films/Properties and 
Applications
Edwin Acosta

Abstract

Since its discovery in early times, thin films rapidly found industrial  applications 
such as in decorative and optics purposes. With the evolution of thin film technol-
ogy, supported by the development of vacuum technology and electric power 
facilities, the range of applications has increased at a level that nowadays almost 
every industrial sector make use of them to provide specific physical and chemical 
properties to the surface of bulk materials. The possibility to tailor the film proper-
ties through the variation of the microstructure via the deposition parameters 
adopted in a specific deposition technique has permitted their entrance from the 
simplest like protective coatings against wear and corrosion to the most technologi-
cal advanced applications such as microelectronics and biomedicine, recently. In 
spite of such impressive progress, the connection among all steps of the thin film 
production, namely deposition parameters-morphology and properties, is not fully 
accurate. Among other reasons, the lack of characterization techniques suitable 
for probing films with thickness less than a single atomic layer, along with a lack 
of understanding of the physics have impeded the elaboration of sophisticated 
models for a precise prediction of film properties. Furthermore, there remain some 
difficulties related to the large scale production and a relative high cost for the 
deposition of advanced structures, i.e. quantum wells and wires. Once these barri-
ers are overcome, thin film technology will become more competitive for advanced 
technological applications.

Keywords: thin films, deposition techniques, characterization, properties,  
inorganic and organic, applications, structure and morphology, challenges

1. Introduction

This chapter covers the fundamentals of the thin film technology, including 
deposition techniques, structure and morphology, film properties, characterization 
techniques and applications. Due to the exceptional diversity of thin films and the 
large range of applications it is complicated to cover in detail all the areas, however, 
as many thin films share a number of features in all steps of the production process, 
characterization, and even applications, it is possible to treat them with a general 
perspective.

The most widely employed deposition techniques, namely physical vapor 
deposition (PVD), and chemical vapor deposition (CVD), for thin film produc-
tion are described with emphasis in the principle, advantages, disadvantages and 
examples of the common thin film structures produced. Furthermore, the various 
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types of microstructures and the morphological features as a result of the deposi-
tion technique and parameters are reported. The growth mechanism is described 
considering the conditions for the formation of amorphous, polycrystalline or 
epitaxial structure, and the resulting morphology is explained based on the 
temperature-dependence zone models. Subsequently, the mechanical, electrical 
and optical properties are reviewed, stressing the connection with morphological 
features such as film thickness, material phase, defects, roughness, grain boundar-
ies etc. The principal characterization techniques used for the characterization 
of chemical composition, morphology, stress, and electrical conductivity are 
described along with their principle. In addition, the specific information that can 
be accessed through the data collection is stated. The most technological relevant 
areas of application are then outlined along with the type of films mostly employed 
and. Finally, the main challenges for the thin film technology to progress in various 
areas are discussed.

2. Deposition methods

Thin-films are in general developed to provide special properties, i.e. electrical, 
optical, mechanical, chemical, that satisfy the needs for specific applications. The 
desired properties are determined by the resulting film structure, which strongly 
dependents on the selected deposition method, film material, and substrate. In line 
with the wide range of applications of thin films, a number of deposition methods 
have been developed/improved to optimize the film properties, of which, the most 
commonly employed are described in this section. Broadly speaking, thin-film 
production can be realized based on two technological groups, namely physical and 
chemical deposition methods.

2.1 Physical deposition methods (PVD)

Physical deposition methods are usually referred as to physical vapor deposi-
tion methods (PVD) because the process entails the generation of vapor. PVD 
essentially consists in removing growth species from a source or target material via 
evaporation, then this vapor is transported to the substrate surface, and eventually 
it solidifies in the surface, forming the film. The evaporation is generally carried 
out under a reduced pressure chamber to avoid impurities in the film formation 
which are produced due to collisions between vapor particles and residual gas 
particles in their displacement from the source to the substrate surface. PVD 
techniques are known to offer a number of advantages, including the deposi-
tion of almost any material, high reproducibility of film properties, the use of a 
large range of substrate materials, the possibility of tailoring the film properties 
through modification of deposition parameters in single element deposition, and 
obtaining films with high purity. On the other side, among the main disadvantages 
are the use of sophisticated and costly monitoring systems for the control of the 
deposition rate and film thickness, and the mismatch between the composition of 
the deposited film and the composition of the evaporant in the case of alloys and 
compounds.

PVD techniques can be classified according to the method employed in the 
generation of vapor. The most common PVD techniques are vacuum-based 
evaporation and its heating versions, sputtering, laser ablation, cluster beam and 
ion pattering, of which, only the most important will be described in detail in the 
present section. For further detail on the versions of PVD techniques, the reader 
is referred to [1–3].
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2.1.1 Vacuum evaporation

It is among the most popular PVD techniques due to its simplicity in operation 
and high deposition rate. This technique uses heating sources to evaporate the depo-
sition material onto the substrate surface where it condenses forming a thin film, 
all within a vacuum chamber. This technique is suitable for deposition of elements 
or compounds at temperatures below 2000 K [4]. According to the method used 
to evaporate the target material, this technique can be subdivided into resistance-
heated evaporation, and electron-beam evaporation.

In resistance-heated evaporation the target material is deposited in one of the 
multiple configurations of the evaporation source including coil, boats, and bas-
kets. Due to the high temperature required, they are commonly fabricated from 
refractory metals with high melting points, such as tungsten, molybdenum, and 
tantalum although stainless steel can also be used in cases where the target mate-
rial has a low evaporation temperature. The essential condition for the proper 
selection of an evaporation source is that its evaporation point does not have to 
be reached at the operation temperature. Once selected an appropriate evapora-
tion source the vacuum chamber needs to reach pressures lower than 10−5 mbar 
to optimize the sample coverage during deposition, and provide a high purity of 
the film. The evaporation of the target material is carried out by the heating of the 
source through which a high electric current is forced to pass. The deposition rate is 
controlled with the source temperature due to its direct relationship with the vapor 
pressure of the target material. Among the main disadvantages of this technique are 
the limited upper temperature (2000 K) which constrains the use of materials suit-
able for evaporation, a limited film thickness, and the possibility of contamination 
related to the heater filament.

In electron-beam evaporation the target material is deposited in a crucible which 
is design to match the heating and power density of the electron-beam. To avoid 
contamination of the target material in the evaporation stage, the crucible should 
not be prone to evaporation or erosion at high temperatures. Accordingly, the 
most widely used crucibles are the water-cooled copper, and ceramic hearth. With 
these crucibles, which have high melting points (3000–4000) K, it is possible to 
reach higher temperatures than those achieved for resistance-heated evaporation, 
and thus, it allows the evaporation of refractory material, reactive materials like 
titanium and aluminum, dielectrics (SiO2), boron, carbon, silicon among others. 
The evaporation process takes place under vacuum through the incidence of an 
intensive beam of electrons, emitted by a thermionic filament, which is accelerated 
towards the target material by an electric field. These energetic electrons collide 
in the surface of the target material generating a local melting after having being 
deflected by a magnetic field usually with an angle of 180° or 270°. The deposition 
rate achieved is high, in the order of 1000 nm/min, relying on the target material, 
and the distance between the source and substrate. One of the main disadvantages 
of this technique is the generation of ionized radiation (X-rays) which can penetrate 
the film producing damage.

Molecular-beam epitaxy (MBE) is the most advance solution for the deposition 
of compounds and alloys due to its simultaneous control over the evaporation 
rates of the different constituents, with high precision. This technique enables the 
epitaxial grow of thin films under ultra-high vacuum (UHV) conditions onto a hot 
single-crystalline substrate. While the UHV prevents contamination of the film 
from impurities present in the growth environment producing a high-purity film 
with an improved morphology, the substrate temperature promotes the diffusion 
of adsorbed species on its surface to achieve an epitaxial growth. The growing 
species are provided by the atomic or molecular beams generated by the heating 
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of a convenient source material which can be either elements or compounds, and 
that are normally contained in crucibles of high purity. The proper selection of 
crucibles is fundamental to assure the purity of the molecular beam; the most 
widely employed crucibles are fabricated based on graphite, pyrotilic boron nitride 
for high temperatures, and also quartz and stainless steel are for low melting point 
materials.

One of the most important features of this technique is its ability to accurately 
control the composition and doping profile in the growth direction. This can be 
realized thanks to the UHV that enables the film growth to occur in the molecular 
regime. In this regime the atoms and molecules do not collide in their way to the 
substrate because the mean free path is larger than the distance from the crucible to 
the substrate. This feature allows to modify as desired the composition of the feed-
ing phase, blocking abruptly one or more streams of atoms being either a constitu-
ent atom or a dopant element with the help of mechanical shutters. Regarding that 
this blocking process can be carried out in very short times, and the low deposition 
rate from MBE, it is possible to achieve extremely thin thicknesses between the 
layers of different composition and/or doping. Advanced nanostructures, such as 
quantum-wells, superlattices and quantum-dots have been successfully fabricated 
with this deposition technique [5–7].

2.1.2 Sputtering

Sputtering essentially consists in the bombardment of the target material with 
energetic particles to dislodge atoms from its surface which travel through the 
plasma to eventually condensate onto the substrate. Three sputtering techniques 
are the most employed for thin film growth, including DC diode, RF-diode, and 
magnetron diode.

In the DC diode sputtering, the bottom electrode, called cathode, contains the 
target material to be deposited while the top electrode holds the substrate. An inert 
gas, i.e. Ar, Ne, Kr, or Xe [8] is fed into the sputtering reactor at a reduced pres-
sure. A plasma is then formed by the application of a voltage between the cathode 
and anode with the inert gas inside. The electrons emitted from the cathode are 
accelerated towards the anode and in their way ionize the gas molecules produc-
ing positively charged ions which accelerate towards the cathode, establishing a 
discharge. The glow discharge can be made self-sustained if appropriate conditions 
of gas pressure, voltage and distance between electrodes are adopted. If that occurs, 
a continuous bombardment of positive energetic ions against the cathode is estab-
lished promoting its surface sputtering, and the subsequent condensation of a thin 
film onto the substrate. It should be noted that the target material in this system is 
necessarily a metal as the glow discharge can be maintained only between metals. 
Thus, deposition of insulators might not be possible using this technique. The main 
disadvantages of this technique are the low deposition rates, and the absence of 
self-sustained glow discharge at very low pressures.

Radio-frequency (RF) sputtering offers a solution for the deposition of insulat-
ing materials by preventing the accumulation of positive ions in the front side of 
the insulator to maintain the discharge. A continuous sputtering process of the 
insulator target is set by the application of an alternating signal to the cathode 
with a frequency corresponding to radio-frequency (13.56 MHz) [9]. In this way, a 
larger number of electrons arrive at the surface target during the positive half-cycle 
which overcompensate the number of ions that accumulate during the negative 
half-cycle, giving the target a net negative charge. This self-biased charge process is 
possible due to the higher mobility of electrons with respect to the positive ions in 
the plasma. Apart from insulators, this technique has successfully been adopted for 
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the deposition of metals and semiconductors, however, the sputtering rate remains 
lower than that of the vacuum deposition described above.

The magnetron sputtering technique permits to improve the sputtering rate with 
respect to the previous versions through the optimisation of the ionization of the 
sputtering gas molecules [4]. In this system, a magnetic field is applied between the 
cathode (target material) and anode (substrate) in addition to the electrical field 
where they both make the electrons to change their paths within the discharge from 
linear to spiral. This longer path followed by electrons in their travel from the target 
to the anode increases the time they are in contact with the gas molecules, raising 
the probability of ionization. Also, the fact that electrons remain a longer time in 
the plasma produces an increase of the current density at the cathode side, which 
in turn, raises the sputtering rate of the target material. This higher effective gas 
ionization allows to reduce the sputtering gas pressure to maintain the discharge, 
which significantly reduces the collisions of sputtered atoms within the plasma 
in their travel towards the substrate, increasing the deposition rate. A columnar 
microstructure is usually obtained with this technique with defects concentrated in 
between the columns. Silicon nitride films are often produced with this technique 
[10], but in combination with RF sputtering, it is possible to produce films based on 
Ti, Cr, Fe, Mo, Ag, Cu, among others [11].

2.1.3 Laser ablation

Laser ablation is based on a similar configuration as the previous techniques, 
i.e. usually an evacuated chamber with a target material to be evaporated, a sub-
strate placed parallel to the target where the film condensates, and in this case, 
an additional high-power pulsed laser placed outside the deposition chamber 
which emits the energy for inducing the ablation of the target material [12]. This 
technique is broadly employed in the deposition of alloys, compounds, polymers, 
semiconductors, and multilayers due to its excellent stoichiometry transfer from 
the target to the film. Oxide thin films can also be deposited if oxygen is introduced 
in the chamber as a background gas. The irradiation from the laser power, i.e. KrF 
(248 nm), is focused on the target producing a rapid local heating until reaching the 
melting point, and eventually producing evaporation that will be deposited in the 
substrate. The laser ablation process and the quality of the sample are affected by a 
number of parameters, including the characteristics of the target material, deposi-
tion conditions, laser parameters, substrate temperature. Although this technique is 
widely recognized for its diverse and fast applicability, the actual ablation process is 
yet to be fully understood because the material ejection is not produced solely by a 
thermal process but also a photochemical is likely present.

2.2 Chemical deposition methods (CVD)

CVD is a deposition method where a volatile compound of a pre-established 
substance is introduced into a reactor, usually along with an inert gas, to induce a 
chemical reaction which produces a solid thin film onto a substrate at an elevated 
temperature. In this technique, unlike PVD, the reaction does not have to be pro-
duced under vacuum conditions. Due to its versatility to work with a broad range 
of reactants and precursors, this technique enables the deposition of a variety of 
structures, including metal alloys and compound semiconductors with an excellent 
control of purity and doping (stoichiometric film) [13]. Compared to PVD, this 
technique offers higher deposition rates, better conformance in rough substrates, 
easy deposition onto complex surfaces, and high throughput. However, some 
disadvantages, such as the use of high substrate temperatures, and the toxicity 
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and flammability of the reactive gases have prevented it from being used in low-
scaled developments, but is well justified in applications where high-throughput is 
required, i.e. semiconductor industry. The CVD processes can be classified based on 
the type of source employed to initiate the chemical reaction, the range of pressure 
under which the deposition is carried out, and the type of reactant used. The most 
established CVD method are described below.

The thermal activated CVD is the most conventional method where the thermal 
energy produced inside the reactor triggers the chemical reactions. Two variants 
are noticeable within this process in relation to the pressure range under which the 
deposition materializes, namely atmospheric pressure CVD (APCVD), and low 
pressure CVD (LPCVD) [14]. Both variants essentially comprise the same chemical 
reactions which overall consist in the creation of vapor from reactants; then these 
vapor species are directed into the reactor, where depending on the deposition 
parameters, homogeneous chemical reactions take place in the gas phase while het-
erogeneous reactions occur near the substrate surface. Finally, the crystallization of 
a solid film occurs in the substrate surface. An alteration of the rate-limiting process 
occurs when the pressure is reduced in LPCVD about 1000-fold with respect to the 
atmospheric pressure CVD [13]. This reduced pressure substantially increases the 
rate of mass transport of reactants overpassing the rate of reactions in the substrate 
surface. This makes the kinetics in the substrate surface to be the rate-limiting step 
in the deposition process. In the APCVD instead, the mass transport of reactants 
is lower than the rate of reactions in the substrate surface, thus making the process 
limited by the diffusion of reactants. The introduction of unwanted impurities is 
reduced in LPCVD with respect to the APCVD. Moreover, high uniform films with 
a higher throughput can be produced for commercial applications using LPCVD, 
however, a disadvantage in this variant is the still high temperature needed for 
deposition. Polysilicon and silicon nitride films are among the films produced with 
this technique [15].

Plasma-enhanced CVD (PECVD) is one of the most widely used variations of 
CVD because it provides an alternative for deposition at lower temperatures using 
organic, inorganic and inert precursors [4]. In this method a plasma energy, in 
addition to the thermal energy, is incorporated to improve the dissociation of the 
reactive gases. The plasma is created when an energy, usually in the form of an 
electric field, is introduced into the reactor which contains the reacting gases in 
the space between two electrodes. Then, complex chemical reactions occur in the 
plasma under reduced pressures which produce energetic ions and radicals that 
travel towards the substrate bombarding its surface and promoting reactions that 
give rise to a solid film. Unlike APCDV or LPCDV, this variant allows deposition of 
conformal films at lower temperatures (200–400 K) [13]. This deposition method 
has been enhanced through the excitation of plasma by radio frequency field 
(RF = 13.56 MHz), and microwave frequency field (2.45 GHz) which draws on the 
effect of electron cyclotron resonance (ECR) to reduce the pressure. The higher 
frequency of the latter allows for a higher-energy and a higher concentration of 
electrons in the plasma leading to a boost in the degree of ionization up to ~1000 
times than that realized with RF field [16]. PECVD is an established deposition 
method for research and industrial production, including antireflective coatings, 
microelectronics, photovoltaics, and transistors.

Metalorganic CVD (MOCVD) basically follows the same process as the CVD 
where volatile metalorganic compounds are used as precursors instead of inorganic 
ones. This technique allows the deposition of a broad range of materials with an 
amorphous, polycrystalline and epitaxial microstructure. The metalorganic com-
pounds are decomposed through pyrolysis reactions at low temperatures which 
permits to carry out the film deposition at lower temperatures than in thermal CVD. 
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Both deposition temperature and pressure play an essential role in determining the 
rate-limiting process. Deposition is usually performed in the range 550–1150 K, 
noticing a kinetic reaction limited behavior for temperatures below 500 K, and a 
diffusion-rate limited for temperatures above 800 K [13]. At low pressures (<1 kPa) 
the reactions are kinetic limited while above that threshold the reactions become 
diffusion-rate limited. This technique is attractive because the gas flow rate and the 
partial pressure of the precursors can be controlled allowing the fabrication of films 
with the right stoichiometry at high deposition rates. Among the disadvantages 
are the relative high cost of metalorganic compounds along with the difficulty to 
obtain highly purity version with minimum oxygen content to fabricate high quality 
semiconductors. Both semiconductor and superconductor thin films have been 
deposited through this technique [16]. A list of the most used metalorganic precur-
sors for the deposition of semiconductor, metallic, and dielectric films is presented 
in Ref. [13].

3. Thin films structure

Different and complex chemical reaction occur during the deposition process 
depending on the technique employed and deposition parameters, such as substrate 
temperature, deposition rate, pressure, and alignment of vapor stream with sub-
strate, which give rise to a variety of microstructures. The resulting microstructure 
in turn defines the physical and chemical properties of the film, which means that 
an appropriate management of these variables is essential to obtain tailored film 
properties. The resulting microstructure can be either amorphous, polycrystalline 
or epitaxial, which are briefly described below.

Amorphous thin films are essentially short-range order structures derived from 
deviations in the bond length and bond angle from a perfect crystalline lattice 
[17]. Overall, in most materials the growth of amorphous films take place at low 
substrate temperatures where the mobility of adatoms (adsorbed atoms) at the 
substrate surface is very limited. With a low temperature the adatoms approach to 
a thermal equilibrium with the substrate limiting the energy available for diffusion 
through its surface. Instead, these nearly immobile adatoms are incorporated almost 
at the point of strike with the substrate surface. High deposition rate is another 
parameter to induce amorphous growth because it prevents adatoms from migrat-
ing to more energetic sites to reach equilibrium due to the limited time for diffu-
sion, and they are incorporated into the film structure almost at the point of strike 
with the substrate surface. Some developments have also reported the formation of 
this disordered microstructure by the incorporation of certain gases, i.e. oxygen, 
nitrogen, that inhibit the growth of crystallites during the deposition process [13]. 
Both PVD and CVD techniques are suitable for deposition of amorphous structures. 
Deposition of amorphous thin films are required in a number of applications, such 
as solar cells, transistors, optoelectronics, dielectric films, etc.

Polycrystalline thin films consist in a large number of nano/micro crystallites with 
different orientations separated by grain boundaries. The crystallite size is mainly 
determined by the deposition parameters, i.e. deposition temperature, and deposi-
tion rate. A higher deposition temperature than that applied to obtain amorphous 
structures may lead to the formation of polycrystalline thin films. When adatoms 
are not in thermal equilibrium with the substrate due to a high substrate tempera-
ture, they have enough energy to continue diffusing in the substrate surface until 
adhering to an existing island or giving rise to new islands. These islands do not 
become thermodynamically stable until their size reach a nucleation threshold. The 
stable islands continue growing until saturation, and then, a coalescence process 
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initiates between islands giving rise to the formation of a polycrystalline layer [4]. 
As adatom-diffusion is a temperature-dependent process, the crystallite size is 
expected to increase in line with the increase of substrate temperature. Another 
driver for the crystallite size is the film thickness. While the crystallite growth in the 
lateral direction is limited by the coalescence process, in the cross plane direction, 
the growth is limited by the film thickness. The typical microstructure of this mate-
rial is of great importance for some applications where the scattering of carriers and 
phonons need to be controlled, i.e. thermoelectrics [18, 19].

Epitaxial thin films consist in a solid crystalline film deposited onto a substrate 
surface with a nearly perfect lattice structure, whose crystal orientation is aligned 
with the crystallographic orientation of the substrate surface. Depending on the 
nature of substrate employed, the epitaxial growth can be divided into homo and 
hetero-epitaxial, with the former referring to the growth of a film onto a substrate 
of the same material, and the latter, onto a substrate of different material. Various 
deposition techniques have been developed to enable the deposition of epitaxial 
films, including MBE and vapor-phase epitaxy; they are mostly used in the semi-
conductor industry where high quality and complex films, i.e. quantum wells, 
quantum wires, are required [20]. Achieving epitaxial film growth depends on a 
number of factors, such as equilibrium thermodynamics of nucleation, creation of 
vapor from reactants, substrate surface reactions, and mobility of species through 
the substrate surface. The complex interaction of these atomic processes may lead 
to the formation of epitaxial films only if they occur over a certain temperature 
called “epitaxial temperature”, which depends on the specific system and deposi-
tion parameters. Epitaxial grow usually takes place at high substrate temperature 
to promote the mobility of adatoms in the substrate surface forming islands that 
become stable after they reach a certain size, and their continuous growth increases 
the nucleation density giving rise to a solid film with a preferential orientation. The 
quality of epitaxial growth is strongly influenced by the strain created in the film 
during deposition due to lattice misfit, and thermal strain produced as a result of 
the different coefficients of thermal expansion between the films and substrate. 
Substrate surface contamination also influences the growth by interrupting the 
formation of epitaxial layers. To prevent this, deposition is normally carried out 
under reduced pressures or vacuum to promote the effusion of impurities from the 
substrate.

4. Thin film morphology

Establishing the correlation between deposition parameters with the resulting 
morphology of deposited thin films is very complex because of the interaction of 
a number of factors, which influence the nucleation and growth phases. However, 
despite the wide spectrum for variability, it is possible to find some typical morpho-
logical features that are common in a broad range of thin films.

Probably one of the most common morphological features found in many 
thin films grown by vapor-based techniques is a columnar structure whose grow-
ing direction is not necessarily perpendicular to the substrate. The way how 
the adsorbed atoms are integrated into the growing process determine the final 
morphology of thin films. When the atoms strike the substrate surface they may 
contribute to the creation of islands. These islands increase in size due to the 
feeding of atoms coming from the diffusion in the substrate surface and also from 
the vapor flux, forming complex arrangements of islands or compact islands. The 
flux of atoms diffusing in the substrate is suppressed once the islands start an 
interfering process between each other due to the progressive growth, and only the 
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contribution from the vapor flux remains active shifting the growth to the thickness 
direction. The accumulating growth in the thickness direction gives rise to a colum-
nar structure with an appearance of cauliflower-like in the top view [4, 17, 21].

It was reported that, for the formation of a columnar structure with a rough 
surface, both a limited surface mobility of adatoms and a vapor flux arriving non-
normal to the substrate are necessary conditions [4]. The former tends to control 
de size of the crystallites growing at the interface and defines the area at the base of 
the columns. The latter gives rise to a geometrical shadowing growth process. The 
atoms from the source of various deposition methods, i.e. CVD, sputtering, not 
always strike the substrate surface perpendicularly. This deviation from a normal 
incidence forces the development of a columnar growth in a direction towards 
the vapor flux. Overall, it has been observed that the angle between the substrate 
normal and the column direction falls in between the angle formed by the substrate 
normal and the vapor flux.

The evolution of the morphology in thin films as a function of substrate  
temperature (adatom mobility) can be classified according to a model introduced 
by Movchan and Demchishin in 1969 [22], named structure zone model (SZM). 
This model provides three structural zones depending on a homologous tem-
perature (Th) which results from the ratio between the substrate temperature 
(Ts) and the melting point temperature of the deposited material. In the zone I 
for a Th ≤ 0.3, the relative low substrate temperature allows for a low diffusion of 
adatoms which are not enough to compensate the density of defects. As a result, 
amorphous or nano-crystalline columns with high density of defects between them 
are formed with a cauliflower-like appearance in the top surface, which is enhanced 
by the shadowing process. In the zone II for a 0.3 < Th < 0.5, with a higher substrate 
temperature, the diffusion of adatoms is higher and enough to compensate the 
defects, producing a columnar structure with a lower concentration of defects and 
larger crystallites. In the zone III where Th > 0.5, the higher substrate temperature 
produces a dominant bulk diffusion in the layer giving rise to a structure formed by 
coarse crystallites [23].

5. Properties of thin films

In this section a brief description of the mechanical, electrical, and optical 
properties in connection with the morphological features will be provided.

5.1 Mechanical properties

Thin films, due to their versatility to provide tailored properties, have found 
application in a number of sectors going from simple coatings for wear and cor-
rosion protection, to more advanced applications such as antireflective coatings, 
microelectronics, photovoltaics, etc. Although these material structures have been 
selected due to exclusively their functional properties, they must be able to provide 
a reliable service operation with a proper mechanical and chemical resistance dur-
ing the lifetime. These films, during deposition and operation, are prone to develop 
large stresses that might cause deformation and eventually mechanical failure, and 
therefore, it is essential to understand the microstructural processes involved in 
such effects to attempt to mitigate through the control of microstructure during the 
fabrication. Unlike bulk structures where the mechanical properties do not show a 
clear dependence on the sample size, in reduced structures like these, these proper-
ties are strongly affected by the resulting microstructure giving rise to a different 
behavior as compared to their bulk counterparts.
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Let us assume a thin film deposited on relative tick substrate as illustrated in 
Figure 1. If strain by any means were produced on the film, it would change its 
dimensions relative to the substrate where it is deposited to maintain the equi-
librium. If, hypothetically, the film were not adhered to the substrate, it would 
be visible the change in dimensions, for example, when the strain has expanded 
the original dimensions of the film, as shown in part b of Figure 1. The action of 
matching again the expanded film into the substrate entails the application of a 
deformation to force the film to adopt the substrate dimensions as shown in part 
c, giving rise to the generation of stress within the film. The stored stress naturally 
tends to be released to reach equilibrium, but depending on the degree of the 
substrate stiffness, part of this strain can be absorbed if the substrate is compliant 
which is reflected in a bending produced in the film/substrate system, or can remain 
entirely in the film if the substrate has a high stiffness.

The means by which strain can be produced in the films during deposition 
basically derive from the deposition method employed and from thermally-induced 
effects. Various vapor-based techniques such as sputtering and PECVD are well-
known for producing stress due to the incorporation of gas into the microstructure or 
due to ion bombardment, whose degree can be controlled through a strategic balance 
of deposition parameters [24]. Impurity incorporation into the microstructure of a 
host material has also been ascribed as responsible for stress creation. Depending on 
their size, the introduction of dopant atoms cause a local deformation of the lattice 
producing stress. A notable example of this case is the fabrication of SiGe thin films 
[25], where the introduction of Ge atoms into the Si matrix increases the stress, 
which collaterally contributes to enhance the thermoelectric properties [26]. Thin 
film deposition is commonly realized at relative high temperatures and cooled down 
latter on. This change of temperature along with a difference in the coefficients of 
thermal expansion between the film and substrate material generate stress in the film 
microstructure as well [27]. For some thin films like hydrogenated microcrystalline 
silicon, widely used in the photovoltaic sector, large stress creation has been reported 
in the phase transition from amorphous to microcrystalline silicon [28].

The stress contained in the films affect the mechanical properties such as yield 
strength and hardness. The yield strength of thin films is reported to be higher than 
the bulk version due to the influence of the microstructure. The value of this prop-
erty is reported to increase with a smaller grain size, and with a higher density of 
dislocations present in the microstructure [29]. The deformation mechanism model 
that may explain the strengthening of thin films is based on the dislocation motion. 

Figure 1. 
Schematic of stress/strain creation within thin films.



13

Thin Films/Properties and Applications
DOI: http://dx.doi.org/10.5772/intechopen.95527

A number of dislocations present in the microstructure move as a function of the 
stress applied to the film, and for a dislocation to move, the stress applied must 
be comparable or higher than the energy necessary to deposit a misfit dislocation. 
However, it is important to consider that dislocation motion can be constrained by 
the interaction with other microstructural defects such as extended defect, point 
defects, and other dislocations which contribute to film strengthening. When the 
film/substrate system is considered instead of free-standing films, the constraints to 
the mobility of dislocations provided by the substrate and any oxide present in the 
substrate surface have to be considered to determine the strength. These additional 
constraints have demonstrated to strengthen the film in comparison to free-
standing ones [30]. These microstructural features also explain the larger hardness 
exhibited in thin films in comparison to bulk materials.

5.2 Electrical properties

Electrical properties within thin films comprise a broad field if one considers the 
different resulting microstructure, whether they are metallic films, semiconductors 
or insulators films, and the type of substrate on which they are deposited. However, 
much of these films possess some common morphological features that derive in sim-
ilar transport mechanisms that allow to treat the conductivity in a global perspective.

One of the main factors for the deviation of conductivity in thin films with 
respect to bulk material is the size effect. The electron mean free path of the bulk 
material reduces as the material thickness reduces due to the activation of addi-
tional scattering mechanisms. In a simplified approximation, dictated by the direct 
proportionality of conductivity with the electron mean free path in bulk materials, 
the conductivity undergoes a reduction. This correlation works for either epitaxial, 
polycrystalline or amorphous structures as the maximum crystallite size is limited 
by the film thickness, preserving the size effects, considering that all the other 
constituent components of the conductivity remain unchanged [4, 31]. However, as 
described in previous sections, the microstructure might contain a large number of 
structural defects and grain boundaries which can act as scatters for charge carriers, 
further reducing the conductivity.

In one of the most complex microstructures where the film is a semiconductor 
formed by small crystallites embedded in amorphous tissue and surrounded by 
a large number of grain boundaries, and containing either electrons or holes as 
majority carries, the transport mechanism becomes very complicated owing to the 
simultaneous interaction of various scattering mechanisms. In this type of micro-
structure, a larger crystalline volume fraction favors the conductivity by allowing 
a higher carrier mobility unlike the amorphous phase. The grain boundaries are 
considered as a disordered region were mobile carriers are scattered in their travel 
between crystallites. As an example, the electrical conductivity of polycrystalline 
and nano-crystalline materials is substantially lower than the bulk single crystalline 
counterpart attributed to a reduced carrier mobility in spite of having a similar car-
rier concentration [32]. Microstructural defects such as voids, dangling bonds, and 
localized defects, which are found mostly in the grain boundaries, also contribute to 
further reduction of conductivity. These defects are known to trap mobile carri-
ers of doped semiconductors, forming a potential energy barrier which limits the 
motion of charge carriers between crystallites [33]. Accordingly, electrical conduc-
tivity is reduced by the decrease in the number of free carriers available for conduc-
tion and a reduction of the carrier mobility. Additional scattering mechanisms 
appear in doped semiconductors such as ionized impurity scattering, carrier-carrier 
scattering at room temperature, and carrier-phonon scattering at high temperatures 
which further contribute to the reduction of electrical conductivity.
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5.3 Optical properties

The optical behavior of thin films is determined by the resulting microstructure 
that depends on the deposition parameters. Before explaining the relationship of 
the optical properties with microstructural features, it is necessary to define the 
optical coefficients. The optical response of thin films can be characterized based 
on the reflection and transmission coefficients. In a general arrangement a thin 
film with a thickness d1 and refractive index n1 is deposited onto a substrate of 
similar/different material with a refractive index n2. When a beam of light strikes 
the interfaces formed by the incident medium and the film, and the film-substrate 
interface, multiple reflections and transmissions occur at both interfaces at specific 
angles whose total amplitudes are computed from the sum of individual reflections 
directed back into the incident medium, and the individual refractions traversing 
into the substrate, respectively. The main difference between nonabsorbing and 
absorbing layers is that the refractive index from the nonabsorbing layer becomes 
more complex by integrating a quantity k named extinction coefficient in the absorb-
ing layer, which defines the absorption of energy within the film. Thus, it can be 
inferred that the optical coefficients strongly depend on the refractive indexes of 
each medium, the extinction coefficient, and the film thickness.

Due to the consistent results reported in literature, it is possible to generalize 
the behavior of optical properties with film thickness even though specific details 
related to film deposition are not provided. Both refractive index and extinction 
coefficients show a strong dependence on the film thickness. For most metallic 
films, i.e. Au, Ag, while the former decreases from a value higher than that cor-
responding to a bulk material as the film thickness increases, the extinction coef-
ficient tends to increase, from a very low value, approaching that of the bulk [4]. 
These optical coefficients also behave differently depending on the wavelength of 
the incident beam because they become dominated either for intra-band transitions 
in the visible, or free electrons in the infrared region. The electronic contribution 
to the optical behavior explains the effect of film thickness on the optical response. 
As the thickness is reduced the surface scattering mechanism increases, reducing 
in turn the electronic mean free path and the scattering time, which limits the 
contribution to the optical conductivity. The reduction of these both parameters 
produces an increase of electrical resistivity, and thus, a connection between optical 
properties and resistivity can be established. This correlation implies that structural 
defects such as voids, unsaturated bonds, point defects, extended defects, band tail 
states, and structural features like grain boundaries and oxide, all of which contrib-
ute to increase the carrier scattering, influence the optical properties.

The behavior of reflection and transmission is also a function of the degree of 
roughness in the film created during deposition [34, 35]. Essentially the roughness 
degrades the film uniformity producing a thickness variation across the film which 
affect the transmission and optical coefficients.

6. Characterization techniques

In order to understand the connection between deposition parameters, the 
resulting morphology and the physical properties of thin films, it is necessary to 
characterize each of these features. The reduced volume of thin films, however, 
does not allow to employ universally all the characterization techniques developed 
for bulk materials. Accordingly, in this section the most common characterization 
techniques suitable for thin film measurements are briefly described.
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6.1 Mechanical characterization

The mechanical characterization comprises the determination of residual stress 
commonly created during deposition, and the physical properties such as Young’s 
modulus and hardness.

The well-known Stoney Equation [36] is widely used to characterize the stress 
generated in a film deposited onto a thicker substrate. The principle behind this 
equation is the linear correlation between the stress crated within the film, and the 
amount of bending produced in the substrate as a result of the constraint condi-
tion among them. The application of this technique requires the knowledge of the 
radius of curvature of the substrate before and after the film deposition. The radius 
of curvature is often measure with an optical profilometer or drawing on any high 
resolution microscopy method that allows to reproduce the sample profile. The 
accuracy of this method is subjected to the compliance of certain conditions, i.e. the 
film thickness is much thinner than the substrate, very small strain and rotations, 
both film and substrate should be homogeneous and isotropic, equi-biaxial stress 
in the plane of the film, spherical deformation of the system film/substrate, and 
spatial invariability of stress and curvature in the whole surface. Even though some 
of these conditions are not fully in compliance, this technique has still been used for 
stress determination in a number of investigations including semiconductor-based 
thin films in the solar sector, thin film transistor industry among others [37, 38].

Physical properties such as hardness and Young’s modulus are usually character-
ized drawing on the nano-indentation technique [29, 39]. This method consists in 
moving a sharp indenter towards the surface of the film until making an effective 
contact, then the applied load and the displacement are repeatedly recorded. In this 
way a correlation of the applied load through the indenter and the depth of indenta-
tion is established. As the indenter penetrates into the film, the slope of the loading 
curve progressively increases due to stronger contact between them; this correlation 
allows for the calculation of the hardness at any point of the curve by dividing the 
load to the contact area in that point. The Young’s modulus of the film instead can 
be determined from the unloading curve once the contact area is defined consider-
ing that the Young’s modulus and Poisson’s ratio of the indenter are known. This is 
possible thanks to the direct correlation that is established between the backward 
motion of the indenter and the elastic properties of the film during the unloading.

6.2 Chemical composition

A number of techniques are available to obtain the elemental composition of 
thin films, which can be classified in two groups, ion scattering and spectroscopic-
based techniques. In the first group both Rutherford backscattering spectrometry 
(RBS) and elastic recoil detection analysis (ERDA) are included. They both are 
based on the elastic scattering of energetic ions produced when they strike the 
atoms in the film surface; in this process they transfer an amount of energy to the 
target species atoms via collisions generating backscattered, forward scattered, and 
recoils particles. While in RBS the backscattered yield and its energy distribution 
are measured by a detector, in ERDA the corresponding quantities for the coiled 
particles are recorded allowing the formation of an energy spectrum from which 
the compositional depth profile can be extracted. These both techniques can be used 
as complement of each other as the RBS is suitable for detection of heavy elements 
while ERDA provides a higher accuracy for light elements. The main disadvantage 
of RBS is a shallow depth into the film that can be probed while in ERDS complica-
tions to distinguish elements with similar masses arise.
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In the spectroscopic-based techniques, the X-ray photoelectron spectroscopy 
(XPS) is one of the most widely employed for elemental composition characteriza-
tion. The XPS is based on photoelectric effect through which electrons localized 
either in the core or valence band are emitted when a beam of X-rays, with an 
energy higher than the binding energy of the electrons, is irradiated onto the film 
surface. Then, these ejected electrons are driven first to an analyzer to measure their 
kinetic energy, and subsequently they arrive to a detector where the number of elec-
trons is counted considering their kinetic energies. The information of this kinetic 
energy along with the known photon energy allow to compute the electron binding 
energy. A spectra is then formed that correlates the electron count vs. the calculated 
binding energy. The binding energy constitutes a signature for the identification of 
each constituent element of the film since each element possesses a unique value. 
On the other side, the intensity of the spectra instead reflects the concentration of 
the element. This technique is suitable for probing the sample in a depth of a few 
nanometers as it is limited by the interactions of emitted electrons with the atoms 
present in the film.

6.3 Microstructure and morphology

A number of methods are available for the microstructure characterization 
in terms of crystalline volume fraction, crystallite size, and crystallographic 
orientation.

The distinctive microstructure and material phase of thin films as a result of 
deposition conditions can be extracted from Raman microscopy, and X-ray dif-
fraction (XRD). The Raman technique [40] is a non-destructive method based on 
the scattering of incident photons, coming generally from a laser beam, caused by 
the vibrational modes of molecules or atoms present in the film. The scattering of 
photons can be either elastic, or inelastic; within the latter, photons can be scat-
tered with a frequency lower than incident photons (stokes) or higher than incident 
photons (anti-stokes). A Raman spectrum is formed considering the intensity and 
the frequency of the scattered light (inelastic) corresponding to the specific vibra-
tional mode of the molecule in question. The material phase fraction in volumetric 
terms can be extracted from the Raman line-shape. The different peaks observed in 
the Raman spectrum designates different material phases, which can be extracted 
by isolating the integrated intensity of the required peak. This isolation is usually 
carried out by a deconvolution of the Raman spectra using specialized software 
that allows to perform a peak fitting analysis. The average crystallite size can also be 
extracted from the Raman spectrum by means of a correlation length model which 
is suitable for sizes larger than 5 nm. However, certain considerations are necessary 
to avoid the superposition of simultaneous effects such as stress and local heating 
due to a high laser power.

The X-ray diffraction technique [41] is based on the scattering principle where 
a monochromatic beam of X-rays is directed onto a specimen which contains a set 
of lattice planes. The incident X-rays are scattered in different angles by the lattice 
planes according to the Bragg’s law, giving rise to constructive interference which 
build up the peaks of the diffraction pattern. The peak shape defines the material 
phase for the substance under study providing a broad peak for amorphous regions, 
and sharp peaks for crystalline ones. In this way, the fraction of crystallinity can be 
determined once the integrated intensities of each characteristic peak is obtained. 
The peak width also provides information about the crystallite size, which shows a 
broadening for small crystallites and shrinking for larger ones. The crystallite size is 
computed drawing on the well-known Scherrer’s formula. In the case of crystalline 
orientation it can be inferred from the relative change of the peak height.
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The morphology of the film can be investigated via scanning electron micros-
copy (SEM) and transmission electron microscopy (TEM). SEM is one of the most 
widely used tools to characterize the morphology of thin films. This technique is 
based on the interplay of a beam of electrons with the sample surface. This interac-
tion produces the emission of electrons from the sample with different energies due 
to either elastic, inelastic scattering or photons, which are collected by a detector 
to produce a distribution map based on the intensities of the signal. Each of the 
three emitted scattered electrons allows the reproduction of images which provide 
different information about the sample, i.e. images from secondary electrons 
(inelastic scattering) are suitable for the study of topographical features. From a top 
view this technique permits the visualization of the crystalline columns emerging 
at the sample surface, and the different material phases, either crystalline and/or 
amorphous, due to the contrast created by the secondary electrons, while the film 
thickness can be evaluated form a cross-sectional SEM analysis.

TEM consists in the emission of a beam of electrons which are directed onto a 
very thin sample (a few hundred nm) to allow the transmission of such electrons. 
The intensity with which these transmitted electrons exit the sample depends on 
the density and thickness of the sample; thus, these structure-dependent intensities 
give rise to the formation of a contrast that is projected as an image on a fluorescent 
screen. In essence, a compact structure produces a higher scattering of electrons 
projecting a darker image while a porous structure projects a brighter image in a 
bright field image dominated exclusively by transmitted electrons. TEM constitutes 
a powerful technique with a spatial resolution higher than SEM for the characteriza-
tion of microstructure, crystallite size, crystalline orientation, and the film thick-
ness can be obtained via a cross-sectional TEM image.

In some characterization cases two or more techniques are complementarily 
employed to extract thorough information from thin films. For example, due 
to the in-depth probing the Raman technique can provide the size of the small 
crystallites that form a columnar structure in the film while the SEM can be used 
to determine the diameter of the crystalline columns emerging at the sample 
surface. Furthermore, the selection of the appropriate characterization technique 
strongly depends on the characteristics of the film such as the thickness, whether it 
is a conductor, semiconductor or insulator, whether it is possible to achieve a high 
vacuum, among others.

6.4 Electrical properties

Perhaps the most widely used technique to measure the electrical resistivity is 
the four-point probe method. It consists of four metal tips linearly arranged keep-
ing the same separation from each one where an electric current is applied in the 
outer two probes while the potential difference is measured in the inner two probes. 
From these measurements the sheet resistance (Rsh) of the film can be calculated by 
means of the following equation. The Sheet resistance is defined as the ratio of the 
resistivity (ρ) to the film thickness (t).

 
sh

t
R ρ

=
 (1)

An extra issue related to the measurement of carrier concentration and carrier 
mobility appears in semiconductor characterization. The Van der Paw technique 
[42] provides a solution to obtain these parameters. This method is based on two 
independent measurement, i.e. resistivity and Hall coefficient. The characteristic 
resistances are first obtained by the application of a current in two adjacent contacts 
while the potential difference is measured in the other two remaining contacts, all 
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of which are located in the periphery of a sample with an arbitrary shape. Then 
these results are incorporated into an expression developed by Van der pauw where 
d is the film thickness, f is a correction factor that depends on the ration of the 
characteristic resistances RA and RB.

 A BR Rd fπρ
+ =  

 ln2 2
 (2)

The Hall effect consists in the creation of a voltage when an electric current (I) 
is applied between opposite contacts of a semiconductor that is under the effect 
of a magnetic field perpendicular to the plane of the sample (B). This potential 
difference is created by the migration of charge carriers, either electrons or holes, 
to the edge of the sample induced by the magnetic force. The sign of this voltage 
is determined by the type of major carriers dominating the electronic transport. 
This Hall voltage (VH) is used to obtain the Hall coefficient (RHS) and the carrier 
concentration (NS) through the following equation.

 H
HS

S

V rR
IB qN

= =  (3)

where r is the scattering factor, and q is the elementary charge.
The carrier Hall mobility (μH) is obtained by combining the Hall coefficient with 

the resistivity previously calculated

 HS
H

R
µ

ρ
=  (4)

7. Applications and challenges of thin films

Thin films technology has historically been used in a wide range applications 
going from decorative purposes in its early stage, evolving for optical purposes lat-
ter on, and an almost endless range of applications with the appearance of advanced 
deposition techniques, supported by the rapid development of vacuum technology 
and electrical power. Overall, thin films are used to enhance the properties of bulk 
materials by depositing a layer with the desired physical and chemical characteris-
tics to improve their functionality. In the following section a brief description of the 
most technological relevant fields of application of thin films is presented.

Advanced electronics-optoelectronic devices have become an important field for 
the application of a number of thin film types. In particular, MOSFET and CMOS 
absorb a great amount of the technological development in semiconductor thin 
films. The fabrication of MOSFETs requires the use of dielectric thin films, i.e. sili-
con dioxide (SiO2) [43, 44] to insulate the conducting channel from the gate. This 
thin film has been used due to its ease of fabrication, high impedance due to a large 
band gap, resistance to high temperatures and chemicals. Also, metallic films are 
required for the fabrication of multiple microelectronic devices, opto-electronics 
and optical devices [13, 45]. Al thin films are usually deposited in the channel 
between the source and drain of MOSFETs to allow the voltage for its operation. 
Instead, Cu thin films are commonly used in CMOS as gate metallization due to 
its high electrical conductivity and higher resistance to electromigration. Thin 
films have also played an important role in data storage devices due to their good 
magnetic properties in an attempt to replace the traditional flash memory devices 
for non-volatile memory devices [46]. Thin films such as BiFeO3, lead-zirconium 
titanate films, amorphous Si, organic compounds among others are being explored 
as candidates as based-material for this application [47–50].
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The use of thin films in the photovoltaic sector (PV) is conceived as a potential 
solution to reduce the cost per watt in the generation of electricity. This sector has 
been experiencing a rapid market penetration due to the accelerated achievement of 
higher efficiencies and the development of thin film structures with better stability. 
In fact, record efficiencies about 23.3% and 22.1% have been reached using copper 
indium gallium selenide (CIGS) and CdTe thin films as based materials, respec-
tively [51]. Overall, the advantages of thin films in the PV sector is related to the 
high absorption coefficient of the absorber layer, which permits to reduce consider-
ably the material thickness, contributing to the reduction of material cost; also 
thin film technology allows the deposition of multiple-juntion devices to capture 
most of the solar spectrum to increase the conversion efficiency [52]. Additionally, 
thin films can be deposited into flexible substrate for roll-to-roll manufacturing of 
PV modules [53]. The state-of-the art of thin films for PV application was initially 
dominated by amorphous silicon, but evolved into the more efficient CdTe and 
CIGS, and lately organic and perovskite-based PV cells are under investigation 
due to its reduced processing cost and feasibility to deposit at low temperatures in 
flexible substrates [54, 55].

Thins films and coating applications are involved in a large number of fields 
including optics, and in sectors where the improvement of the mechanical and 
chemical properties of bulk materials provide a better functionality or larger 
lifespan. Optical thin films are widely employed in eyeglasses to improve the vision 
through the use of a polymer-based optical element that is coated to the spectacles. 
In addition, the undesired transmission of ultraviolet light and undesired reflection 
are prevented by the use coatings materials able to absorb wavelengths lower than 
400 nm, and the use of antireflective coatings usually made of dielectric materials 
[56]. Architectural glazing has drawn on thin film coatings to enhance the energy 
efficiency in office buildings [57, 58]. The heat transfer can be managed from 
outside and inside the buildings by a suitable filtering of the spectral regions of 
light. Only transmission of visible light from the outside, and reflection of infrared 
radiation from inside can be set by making the windows to become a multifunc-
tional device-like with thin films with different spectral response, saving energy 
from air conditioning and heating for the former and latter cases, respectively. 
Coatings as a means to increase the wear resistance and reduction of friction in 
cutting tools can be obtained by multilayer deposition of ceramic coatings, i.e. TiN, 
TiC [13]. Coatings for corrosion resistance are widely spread in numerous sectors 
including pipes coated with SiC, stainless steel components coated with oxides, i.e. 
SiO2, Al2O3, engine parts coated with high temperature corrosion protection such as 
MoSi2 among others [13] .

Organic thin films have attracted a great attention owing to certain unique 
properties, in particular, flexibility and low cost material processing which are 
essential to expand the scope of application of many technologies. In photovoltaics 
for example, although still low, the efficiency has been improved considerably from 
0.04% up to about 8.3% [54] in organic-polymer based modules, but its evolu-
tion remains fuelled by the low cost of material processing, i.e. printing, spraying, 
and the possibility to fabricate flexible modules. Likewise, the intrinsic complex 
fabrication process and rigidity of Si-based field-effect transistors can be somehow 
overcome by organic thin films field-effect transistors. The use of organic thin film 
have already been proven in various applications such as memory devices, sensors, 
electronic papers, and smart cards [59, 60].

The use of thin films has gained a considerable space in biomedical applica-
tions due to their ability to provide biocompatible and functional properties, for 
example, invasive devices, tissue engineering substrates, drug delivery, and anti-
microbial coatings, to name a few. The surface of implants have to comply special 
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chemical and mechanical properties, and Ti6Al4V thin films appear to provide 
appropriate conditions for femur implants [61]. This structure apart from offering 
a good adhesion and harness, promotes the formation of a calcium layer through 
a chemical interaction with the biological fluids, improving the osseointegration. 
Polymer-based thin films have demonstrated to have a good resistance to protein 
adsorption, which is essential to provide a biocompatible behavior to implants. In 
this respect, poly (ethylene glycol) PEG, PEGylated thin films are suitable for bone, 
dental implants and for tissue engineering purposes [62, 63]. Composite thin films 
have also been used to provide the appropriate mechanical and biological properties 
to implants in neuronal applications. For example, silicon-based implants have been 
coated with a nanostructure formed by amorphous silica with fillers of aluminum, 
silicon dioxide or silver in order to provide microbial protection. Inorganic thin 
films with piezoelectric properties deposited on flexible substrates are also being 
investigated for the fabrication of nano-generators and nano-sensors for biomedical 
applications [64]. These piezoelectric devices have the capacity to convert mechani-
cal energy provided by the movement of internal organs into electrical energy 
to power for example pacemakers or nano-sensors. Due to the high sensitivity to 
mechanical movement these devices can also be used to monitor the cell deforma-
tion at nanoscale. Higher performance piezoelectric devices have been fabricated 
using perovskite such as BaTiO3, PZNT, and PMN-PT [64, 65].

The broad scope of thin film applications require of tailored physical, mechanical 
and chemical properties which are linked to the resulting structure and morphology, 
and they in turn depend on the deposition techniques and deposition parameters 
adopted. Accordingly, a number of challenges remain to be tackled for a complete 
understanding of the connection among the different phases involved in the fabrica-
tion of thin films. Overall, various versions of CVD and PVD deposition techniques 
present a still expensive final product, lack of reproducibility, inappropriate attach-
ment of the film to the substrate, high deposition temperatures which prevent the use 
of cheaper substrates, and limited control over the final properties. Thus, deposition 
technology needs to evolve with a higher precision to control the microstructure, 
and with a higher deposition rate suitable for large area deposition to reduce the 
cost. Moreover, although nanostructured thin films are promising for cutting edge 
applications such as microelectronics, optics, photovoltaics, and biomedicine, 
some of them need to be transferred to specific substrates for an appropriate opera-
tion. Consequently, the now poor transferring technique has to progress to take 
fully advantage of thin film technology. Even though a number of characterization 
techniques are available for tracking almost every feature of thin films, many of them 
struggle when the film thickness approaches a few nanometers. For example Raman 
or X-ray diffraction characterization might degrade due to the inevitable contribu-
tion from the substrate to the acquired spectra. Sophisticated models to analyze the 
data are therefore needed to isolate the relevant information. Of primary importance 
for biomedical applications is the knowledge of protein adsorption in substrates for 
the appropriate selection of materials; however, the characterization tools for this 
purpose are still at their infant stage, and they are based on complicated models for 
data analysis. Therefore, more advanced and specific in vitro models can pave the 
way for a rapid identification of suitable thin films. In spite of the significant prog-
ress in deposition and characterization techniques, the prediction of film properties 
as a function on the microstructure is still very difficult. This occurs due to the 
complex transport properties derived from the multiple defects, grain boundaries, 
material phases, quantum confinement effects in very thin films, interface scatter-
ing, among others. Thus, advanced models that incorporate all of these structural 
variants are necessary to establish the appropriate connection between microstruc-
ture and film properties to progress in the thin film technology.
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8. Conclusions

This chapter attempted to carry out the study of thin films maintaining a tight 
correlation among the deposition techniques, the resulting microstructure, and 
their physical properties. It was found that the development of deposition methods 
are driven to satisfy the needs for films with specific mechanical, physical and 
chemical properties. Overall, they have evolved to enable the fabrication of thin 
films with increasingly higher purity, based on a variety of depositing materials 
and substrates with high reproducibility. However, the cost of material processing 
of certain structures such as nanostructures, quantum well, quantum wires, and 
quantum dots is still a challenge for commercial applications. The selected deposi-
tion technique and deposition parameters greatly define the final thin film micro-
structure being either amorphous, polycrystalline or epitaxial. In particular, the 
deposition temperature and deposition rate strongly influence the adatom-diffusion 
at the substrate surface giving rise to the formation of islands whose sizes increase 
with feeding of atoms. The most common morphological feature in many films is a 
columnar structure formed due to the feeding of atoms from the vapour flux once 
the adatom-diffusion in the substrate surface has placated due to the interfering 
process between islands. The mechanical, electrical, and optical properties of thin 
films are determined by the final morphology. It is important to remark that these 
properties normally deviate from the values corresponding to their bulk counter-
parts. For example, the yield strength and hardness are higher in thin films due to 
the influence of crystallite size, and movement of dislocations usually found in thin 
films. Likewise, the electrical conductivity is also affected by additional scattering 
mechanisms appearing due to the reduced film thickness. There are several tech-
niques available for thin film characterization, but their accuracy strongly depends 
on the depositing material, substrate material, and film thickness. In most cases, 
two or more techniques are complementary used to access the required information 
with high precision. Regardless of the progress in thin film technology, important 
challenges remain to be tackled, including the accurate prediction of film properties 
based on the final microstructure, more advanced characterization techniques in the 
biomedicine field, and sophisticated models for data analysis.
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Chapter 2

Infrared Characterization and
Electrochemical Study of Silanes
Grafted into Surface of Copper
Mohamed Masmoudi

Abstract

The formation of a protective layer of tow silane coupling agents:
γ -methacryloxypropyltrimethoxysilane (γ-MPS) or γ-aminopropyltriethoxysilane
(γ-APS) on copper is studied by diffuse reflectance infrared spectroscopy (DRIFT),
electrochemical (Potentiodynamic polarization) and gravimetric chemical (Weight
loss) measurements. Dried in ambient conditions, the silane adsorbed on the
copper subtract physically, however its protective action is not reliable. Thiolate
and siloxane band formation ameliorate the protective action of the silanic layer on
the surface of copper especially after curing process. Potentiodynamic polarization
andWeight loss experiments show that the performances protective action of cured
treatment (cured/Cu-silane) is higher than that of aging process (aged/Cu-silane).

Keywords: hybrid coating, copper, corrosion, silanic compounds, infrared spectra

1. Introduction

The corrosion behavior of copper and its alloys has been extensively studied for
a wide range of experimental conditions. For example, there are the dominant
materials for sea water systems in many countries. In chloride-rich media, the
naturally oxide formed layer is insufficient to improve the anticorrosion propriety
and coating is required for providing a higher protection level. Surface treatment
based on the use of chromate conversion layer is efficient for corrosive protection of
metal [1]. However, toxic and carcinogenic characteristics of chromate and similar
hexavalent chromium compounds resulted in legally limited use.

Organic coating adhesion to metal substrates is one of the most important
physical properties for corrosion resistance. Recently, the corrosion protective
performance of coupling agent attracts the attention of several researchers. In fact,
silane surface treatment is can be considered as an environmentally friendly
alternative to chromatation [2].

Silane coupling agents are commonly used for the pre-treatment of metal
surfaces to increase adhesion between polymeric (i.e., the paint) and inorganic
materials (i.e., the metal). This twofold function of the coupling agent is due to their
chemical structure, corresponding to general formula R–Si–(OR’)3, where R is an
organo-functional group (amine, mercapto, epoxy, methacrylic, vinyl, etc.) whose
role is to establish a chemical band with the organic coating and R’ stands for an
alkyl group (generally Et or Me) [3].
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The principle of the adhesion of silane coupling agents on inorganic specimens
is based on the siloxane function (Si–OR’) reactivity. Th later is hydrolysed to
Si–OH. Two reactions (hydrolysis: Eq. (1) and condensation: Eqs. (2) and (3)) take
place [4]:

RSi OR’ð Þ3 þ 3H2O ! RSi OHð Þ3 þ 3R’OH (1)

RSi OHð Þ3 þ OHð Þ3SiR ! RSi OHð Þ2–O– OHð Þ2SiRþH2O (2)

RSi OHð Þ3 þ R’Oð Þ OHð Þ2SiR ! RSi OHð Þ2–O– OHð Þ2SiRþ R’OH (3)

These three reactions display the importance of hydrated environment in the
condensation reactions taking place between the coupling agent and the metallic
surface, and which will take place on the copper surface according to the following
reactions (Eqs. (4) and (5)):

RSi–OHþ OH–Cu surfaceð Þ ! RSi–O–CuþH2O (4)

RSi–OR’þOH–Cu surfaceð Þ ! RSi–O–Cuþ R’OH (5)

The object of the present study is to investigate the adsorption of γ-MPS and
γ-APS onto pure copper at different dried conditions and to study the possibility
of using these two-coupling agent’s treatment on copper in order to enhance its
corrosion protective performance.

2. Experimental

For all experiments, we made use of copper sample of purity 99.99%. The
copper electrodes were masked by epoxy resin, leaving 28.3 mm2 as the working
surface. Before each test, the exposed surface of copper was polished by SiC paper
to # 1200 and rinsed with distilled water, degreased with acetone, hot air flux dried
and instantly plunged in the silanic solution. The objective of all these cleaning steps
is to remove of contamination and to introduce the hydroxyl group into a copper
surface. The silane coupling agent solution was obtained by dissolving γ-MPS or γ-
APS (5% vol./vol.) in ethanol (90% vol./vol.) and distilled water (5% vol./vol.) at
ambient temperature for 10 min.

Prior to coating treatment, the coupling agent solutions were stirred for 120 min
to allow the hydrolysis of the Si-OC2H5 groups. The organosilanes employed in this
work wereγ -methacryloxypropyltrimethoxysilane, (γ-MPS) andγ -aminopropyl-
triethoxysilane, (γ-APS), with a high purity (98%). The chemical structures of these
compounds are schematically represented in Figure 1.

Figure 1.
The molecular structure of γ-MPS (a) and γ-APS (b).
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All experiments were executed only on dipped substrate and dried at room tem-
perature for 1440 min (aged/Cu-silane) and cured at 100°C for 60 min (cured/Cu-
silane). After silanization step, all specimens were washed with ethanol for 5 min.

The Fourier transformed infrared (FT-IR) analysis was carried out using a
Perkin-Elmer Paragon 1000 FT-IR spectrometer. Therefore, in order to analyze the
chemical groups presented on the surface, we used the diffuse reflectance mode
(DRIFT). The obtained spectra of the modified substrate were obtained by means of
the diffuse reflectance accessory. The spectrum was recorded with a resolution of
2 cm�1, with a total of 20 scans. The spectra were treated using BOMEM GRAMS
software for the deconvolution of different region of the spectrum.

Potentiodynamic polarization curves were plotted from�400 to 600 mV/SCE at
a polarization scan rate of 0.5 mV/second. Before all experiments, the potential was
stabilized at free potential during 30 min. To guarantee the reproducibility, at least
four replicates were run for each experiment. Electrochemical measurements were
taken using an electronic potentiostat galvanostat radiometer controlled using the
Volta Lab software. While, the electrochemical analyses were conducted under
computer control.

For all tests, electrochemical experiments were performed using a standard
three-electrode cell configuration. A saturated calomel electrode (SCE) was used as
the reference electrode and a platinum sheet with 2 cm2 totals surface area was used
as counter electrode. All potentials values given in this work were referred on the
SCE electrode. Electrochemical measurements were performed in aerated NaCl 3 wt
% solution, at 298 � 1 K.

The gravimetric measurements were performed under ambient conditions using
an analytical balance (precision �0.1 mg). The dimension of the rectangular copper
coupons was 31 � 8 � 8 mm. After weighing, the treated coupons were suspended
in our saline solution for different exposure periods (3 – 12 days). Then, the surface
of the specimens was carefully washing and degreased with ethanol and acetone,
dried at room temperature and then weighted. Triplicate experiments were carried
out in each case and the mean weight losses were reported.

3. Results and discussion

3.1 Characterization of silane film formed on copper

In order to demonstrate the interaction mechanisms between silane coupling
agents and substrate, the treated surface is submitted to: (i) only dipped specimens
and dried at room temperature for 1440 min followed by washing with ethanol for
10 min (aged/Cu-silane) and (ii) heat treated at 100°C for 60 min followed by
washing with ethanol for 10 min (cured/Cu-silane).

Figure 2 shows the FT-IR spectra of a pure γ-MPS (a) and the DRIFT of
aged/Cu-MPS (b) and cured/Cu-MPS (c) in the region 4000-400 cm�1. The band
assignments for the pure γ-MPS are presented in Table 1 [5].

It can clearly see that the spectrum of pure γ-MPS is different to the modified
specimens (Cu-MPS) spectra.

In the spectra of aged/Cu-MPS and cured/Cu-MPS, the band around 2841 cm�1

corresponds to C-H stretching vibrations of the methoxy groups decrease and move to
higher frequencies (2890 cm�1). This designates a performs hydrolysis in the Si-OCH3

linkages of the γ-methacryloxypropyltrimethoxysilane molecules attached on the sub-
strate. These two spectra reveal an extensive band about 3427 cm�1 corresponded to
OH stretching of Si-OH groups (hydrolysed Si-OCH3) but only a decrease is detected
in this band after cured treatment. The similar phenomenon is observed for Si-OH
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bond at 905 cm�1. These evolutions prove the beginning of the silane condensation
step. Moreover, the relatively higher Si-OH bands of uncured specimens, maybe due
to the entrapped of water in the γ-MPS xerogel. A simulation of the spectrum region
between 1770 and 1650 cm�1 (Figure 3) shows that after curing treatment, a decrease
in C=O—HO bonding, giving a peak at around 1700 cm�1, compared with the band at
1720 cm�1 assigned to νC=O-free [6]. This characterizes the interaction between –OH
group (silanol and/or water) and C=O group.

Figure 2.
FT-IR spectrum of pure γ-MPS (a) and DRIFT spectra of aged/Cu-MPS (b) and cured/Cu-MPS (c)
(4000–400 cm�1 region).

Band position (cm�1) Assignments

2945 CH3 νas(C-H)

2841 O-CH3 νs(C-H)

17202 methacrylic ν(C=O)

1638 methacrylic ν(C=C)

1454 CH2 δ(C-H)

1404 Si-CH2 δ(Si-C)

1320 C-O-C νas(C-O)

1296 C-O-C νs(C-O)

1191 O-CH3 ρ(O-C)

1167 CH3 δ(C-H)

1089 Si-O-C νas(C-O)

1012 Si-O-Si δas(Si-O)

980 Si-O-Si δs(Si-O)

940 C=C-C=O δs(C=C)

818 C=C-C=O δas(C=C)

Table 1.
The FT-IR vibration band positions and their assignments of γ-MPS.
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The bands characteristic of the different Si-O forms are observed in the region
from 1250 cm�1 to 950 cm�1 in DRIFT spectral. A deconvolution of this region
spectrum is used to elucidate the evolution of different Si-O forms (Figure 4). The

Figure 3.
C=O band deconvolution of Aged/Cu-MPS (a) and cured/Cu-MPS (b) (1770–1650 cm�1 region).

Figure 4.
Si-O band deconvolution of Aged/Cu-MPS (a) and cured/Cu-MPS (b) (1250–950 cm�1 region).
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presence of the peaks at around 1183 and 978 cm�1 indicates that the hydrolysis
process remains unaffected (Si–OCH3 remaining) [7]. The decreases of these bands,
after heat curing (Figure 4b), recommend the auto-condensation of the methoxy
groups and/or the grafting of coupling agent onto copper surface. As described in a
previous research [8], the curing process can accelerate the condensation. The
increase in the Si–O–Si bond, at around 1138 cm�1 and 1206 cm�1, signify an
intermolecular condensation between adjacent adsorbed –Si–OH groups. These
results are in good agreements with those of other studies dealing with glass sur-
faces coated with the tow similar silanes [9]. Finally, Figure 2b and c also shows.

Finally, it can also be seen from Figure 2b and c the existence of several peaks in
the region of the infrared spectrum from 850 cm�1 to 400 cm�1, particularly after
curing. This is may be caused by the Cu–O band [8, 10].

In the case of γ-APS modified copper, DRIFT spectra of the aged/Cu-APS (a)
and cured/Cu-APS (b) are exhibited in Figure 5. For the reference, the FT-IR
spectrum of modified substrate has been superposed in this figure. Significant
changes in the intensity of the bands can be clearly seen in the range from 1250 to
850 cm�1 [11]. For the FT-IR spectrum of γ-APS (Figure 5c), the absorption bands
at 1167, 1104, 1080 and 957 cm�1 related to Si-O-C2H5 group disappeared after
silanization in an aqueous solution. The major IR absorption peaks and tentative
assignments band for pure γ-APS are cited in our previously work [8].

A new broad band at around 1010–1140 cm�1, characteristic of siloxane bonds,
appeared instead in the DRIFT Spectra, signifying that most ethoxy groups were
hydrolyzed and Si–O–Si linkages were formed on the surface by condensation and
lateral polymerization of γ-APS. These absorption bands become clearer after cur-
ing treatment. This means that there is an evolution toward better interconnected

Figure 5.
Infrared spectra for fresh/Cu-APS (a), aged/Cu-APS (b), cured/Cu-APS (c) and aged-cured/Cu-APS (d)
(850–400 cm�1 region).
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networks [12, 13]. Contrary to the aging process, after curing this coupling agent
adsorption via both physical and chemical interactions, so that chemisorption has
been suggested to be the dominant adsorption mechanism. As previously reported
[8, 11], the Si–O–Si stretching band at higher frequencies is due to cyclic siloxane
units, and the lower one is assigned to the long Si–O–Si chains. After curing treat-
ment, the proportion of the Si–O–Si chains peak (close to 1012 cm�1) increases. This
indicates that the higher temperature of treatment has a significant effect on the
structure of γ-APS films. More Si–O–Si chains will be formed on the film and may
contain fewer defects. Moreover, Figure 5a reveals the presence of a weak absorp-
tion band at around 920 cm�1 corresponding to the Si-O stretching of residual Si-
OH groups. The intensity of this absorption band decreases sharply after heat
treatment (Figure 5b), indicating additional polymerization of the adsorption γ-
APS. Finally, the increase of Si-CH2(CH2CH2) band at 1193 cm�1, after heat treat-
ment process, implies an increase in the silane quantity at the metal surface.

Finally, it can be concluded from infrared results, that the greater temperature
of curing may favor both the surface condensation process (formation of Cu-O-Si
bands in the interfacial layer through the reaction between Si–OH groups, and the
hydroxylated copper surface) and the Si–O–Si linkages formation.

3.2 Corrosion protection

3.2.1 Potentiodynamic polarization

The polarization curves of pure copper (i.e., the blank) (a), aged/Cu-MPS (b),
cured/Cu-MPS (c), aged/Cu-APS (b) and cured/Cu-APS (e) in aerated NaCl 3 wt %
aqueous solution are shown in the Figure 6. It is well known that the cathodic part
of the polarization curves can be divided into three regions of potential: Region I
corresponds to the weak polarization region near OCP; Region II is associated to the
reduction of dissolved oxygen (Eq. (6)); and Region III (below - 320 mV) is
attributed to the hydrogen evolution rection given in Eq. (7) [14, 15]:

2H2Oþ 2e� ! 2OH� þH2 (6)

Figure 6.
Potentiodynamic polarization curves of Cu (a) aged/Cu-MPS (b), cured/Cu-MPS (c), aged/Cu-APS (d) and
cured/Cu-APS (e), in NaCl 3 wt % solution.
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O2 þ 2H2Oþ 4e� ! 4OH� (7)

It could be observed that the pH value of the solution after the electrochemical
experiments is a little higher than that before the experiment.

The anodic part of the curve copper shows three main regions to [15, 16]:
In the first region, an apparent Tafel behavior is observed and the current

density increases up to a critical passivation value (Jcp), due to the oxidation of Cu
(0) to Cu(I) (Eq. (8))

Cu ! Cuþ þ e� (8)

In the second region, The current density decease from Jcp to full passivation
current density (Jpas). Cu(I) is rapidly transformed to an insoluble CuCl film
(Eq. (9)) [17].

Cuþ þ Cl� ! CuCl (9)

In aqueous solution, CuCl would be unstable. It is immediately converted to the
soluble cuprous complex CuCl�2 (Eq. (10)) [18]. The current density suddenly
increases again from Jpas to elevated anodic potential. We detected a small full
passivation field (7 mV) in the case of the untreated copper. Thus, the dissolution of
substrate is happening step by step.

CuClþ Cl� ! CuCl�2 surfaceð Þ (10)

In the third region, the potential increases again before to stabilize when it
reaches a limiting current density. CuCl�2 is oxidized to Cu2þ ions according to the
following reactions (Eqs. (11) and (12)):

CuCl�2 surfaceð Þ ! CuCl�2 solutionð Þ (11)

CuCl�2 solutionð Þ ! Cu2þ þ 2Cl� þ 2e� (12)

However, according to some authors, other corrosion products could be also
formed, such as Cu2O, CuO, Cu(OH)2 [14, 19–22].

Figure 6 also shows that the specimen coated with silane coupling agents have a
different behavior for untreated copper. In addition, both cathodic and anodic cur-
rent decreased and the corresponding slopes vary, which indicated that the γ-MPS or
γ-APS coating is mixed-type corrosion coating, i.e. inhibitor and barrier coating.

The electrochemical parameters such as Ecorr, corrosion potential, Jcorr, corrosion
current density, βc, cathodic and βa, anodic slopes, Rp, polarization resistance, CR,
corrosion rate and PEF, protective efficiency are calculated according to polarization
curves and summarized in Table 2. The values of Jcorr and Ecorr were obtained by the
extrapolation of anodic and cathodic Tafel curves. The Rp values are calculated by
the next formula (Eq. (13)) [18],

Rp ¼ B
Jcorr

(13)

here, B is a constant that is calculated by using Stern–Geary equation (Eq. (14)) [23],

B ¼ βcβa
2:303 βc þ βað Þ (14)
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The values of corrosion rate (CR, millimeters per year (mmy�1)) are calculated
using the expression (Eq. (15)) [8],

CR ¼ 3:268� 103 Jcorr
ρ

MW
Z

(15)

where ρ is the density of Cu in g.cm�3 (= 8.92), MW is molecular weight of
copper in g and Z is the number of electrons transferred in the corrosion reaction;
Z = 2 in the case of Cu reaction.

After silane-modified copper surface, the potentiodynamic polarization curves
moved toward anodic direction and toward less current density. The values of
corrosion potential shift in the positive direction, denoting the beneficial effect of
the two coupling agents’ treatments on copper substrate corrosion. These two
treatments produce best results mainly on the copper anodic oxidation reaction
when the coating is the γ-APS, whose currents are reduced by about two orders of
magnitude, at 0 mV/SCE. Nevertheless, the cathodic currents are reduced only by
about one order of magnitude for the tow used coupling agents.

Table 2 also depicts that the values of Jcorr and CR decease, after treatments,
while the protective efficiency increases sharply to reach 96.62% for the cured/Cu-
MPS specimen). By leaving the silane coupling agent coating in contact with the
substrate for 24 h, Si–O–Si linkages formation begins to take place. This generates a
more robust and adherent coating. The notable hindrance to the copper anodic
oxidation process, watched from the noticeable diminution in corrosion current
density and corrosion rate values and the increase in the polarization resistance and
the protective efficiency, can mostly be ascribed to the strong Si–O–Si linkages [11].
The corrosive attack can be demonstrated only in the coating holes and after a
period of time it causes a noticeable attack of the metal. Additionally, heat treat-
ment helps the interconnected networks of the coupling agent on the surface
through the elimination of water molecules [24]. More condensation takes place
mostly in the outermost part of the silane film, leading to a polymolecular, denser,
less permeable and, consequently, more corrosion resistant coating.

Figure 6 also reveals that the untreated copper immersed in saline solution
reaches passivity in a typical active-passive transition. Coupling agent modified
copper in NaCl 3 wt % aqueouse solution features much wider potential range of
full passivation, which offers further protection at elevated values of positive
potential. The electrochemical parameters such as Jcp, critical current density of
passivation, Ecp, critical passivation potential, Jpas, full passivation current density,
Epas, full passivation potential, Etp, trans-passivation potential and ΔE, passivation
range are listed in Table 3. Compared with the untreated copper (i.e., the blank),

Solution Parameters

Ecorr

(mV)
Jcorr

(μA cm�2)
-βc (mV/
dec)

βa (mV/
dec)

Rp

(kΩ cm2)
CR

(mmy)
PEF

%

Cu �220 17.78 104 58 1.07 0.207 —

aged/Cu-MPS �224 2.85 103 55 5.46 0.033 84.06

cured/Cu-MPS �195 0.63 82 30 15.14 0.007 96.62

aged/Cu-APS �192 3.31 270 85 8.48 0.038 81.64

cured/Cu-APS �180 2.14 150 70 9.68 0.025 87.86

Table 2.
Electrochemical kinetics parameters and protective efficiency obtained from potentiodynamic polarization
curves.
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the Epas and Ecp values shifted toward the cathodic direction and the Jpas and Jcp
values decrease abruptly. The move of Epas and Ecp values toward cathodic poten-
tials demonstrates higher corrosion resistance of the coupling agent modified cop-
per. Moreover, the lower value of full passivation current density verifies a better
tightness on the silane film formed on the copper surface after treatments.

The passivation ability of the substrate corresponding to the significant criterion
of passivation kinetics is verified through the drop of Jcp value. Indeed, the area
delimited by the peak of activity, identified by Jcp, corresponds to the amount of
electricity required for the passivation of the material. The weak dissolution of the
material is, on its side, verified by the decrease of this surface which is easily
passive. These phenomena become more pronounced when the used silane is γ-APS.

In the fully passive range, the current density is independent of the potential.
When the potential of full passivation finishes, Etp is reached. After this, the passive
film continuity is damaged and the metal gets trans-passivated.

The passivation of silane-modified copper becomes more rapid and the passiv-
ation range, characterized by the difference between Etp and Epas (ΔE = Etp - Epas), is
more extensive than that of pure copper. This confirms the relatively high corrosion
resistance of silane modified copper.

At the end of the passivation, an unexpected increase in the current density has
been detected, along with the evolution of molecular oxygen as well as the return of
the active area, where copper dissolution takes place.

3.2.2 Gravimetric measurements

To investigate the effect of the treatments on the corrosion inhibition of copper
in aerated NaCl 3 wt % aqueous solution at ambient temperature, gravimetric
measurements were carried out. Figure 7 shows the plot of the weight losses versus
time curves of specimen blank (a) aged/Cu-MPS (b), cured/Cu-MPS (c), aged/Cu-
APS (d) and cured/Cu-APS (e). The weight loss (Δm, mg cm�2) and the corrosion
rate (CR, mg cm�1 h�1) were calculated as follows (Eqs. (16) and (17)) [25]:

Δm ¼ W1 �W2

A
(16)

CR ¼ Δm
t

(17)

Where, W1 and W2 are the weight before and after exposure to saline solution,
respectively, A is the total surface area and t is the immersion period.

According to Figure 7, the weight losses of untreated copper in NaCl 3 wt %
solution increases with the increase in the immersion period as a result of the

Solution Parameters

Ecp (mV) Jcp (μA cm�2) Epas (mV) Jpas (μA/cm2) Etp (mV) ΔE (mV)

Cu 7 7586 40 1288 47 7

aged/Cu-MPS �41 2690 �25 1170 40 15

cured/Cu-MPS �43 2570 �30 1410 46 16

aged/Cu-APS �57 138 �46 126 �3 43

cured/Cu-APS �55 105 �47 112 �2 45

Table 3.
Characteristic passivation parameters obtained from potentiodynamic polarization curves.
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continuous dissolution of copper ions, due to the severe aggressiveness of the
chloride ions.

aged/Cu-MPS decreases the weight loss of specimen, especially after 3 and 6
immersion days. Above this period, the weight loss value increases significantly to
reach the value obtained for blank specimen after 12 immersion days. A further
decrease in the loss of weight took place after curing and/or when the coating is γ-
APS. The advantageous effect endures until 9 days of immersion, which indicates
an improvement in coupling agent film durability. In fact, curing treatment cata-
lyzes the formation of both chemisorbed and polymerized product forming more
robust coupling agent layer. Nevertheless, after 12 immersion days this layer cannot
resist whatever the silane coating used. This is also illustrated by the Figure 8, from
which it can be seen that, after this period, there is no notable difference of the
corrosion rate obtained for the untreated or silane coated copper.

4. Conclusions

The main conclusions of this study are summarized below:

• Room temperature aging allows a certain condensation between the loosely
adsorbed silane molecules, which relatively improves the performances of the
silanic layer.

Figure 7.
Variations of the weight losses with time for Cu (a) aged/Cu-MPS (b), cured/Cu-MPS (c), aged/Cu-APS (d)
and cured/Cu-APS (e), in NaCl 3 wt % solution.

Figure 8.
Variations of the corrosion rate with time the different treatments.
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• Curing treatment may favor both the surface condensation process (formation
of Cu-O-Si bands in the interfacial layer through the reaction between silanol
groups and the hydroxylated copper surface) and the siloxane band formation.

• γ-MPS and γ-APS act as mixed corrosion inhibitor for copper in NaCl 3 wt %
solution.

• The corrosion protection offered by coupling agent coating is due to both the
blocking of copper surface parts with the reduction of oxygen and the metal
dissolution occurring in the pores of the coating layers.

• A relatively high corrosion resistance of γ-MPS modified copper, especially
after curing treatment, was remarked. Therefore, the passivation zone is more
extensive when the coating is γ-APS.

• Gravimetric results show that the curing process leads to lower weight loss for
the silane film, chemisorbed at the copper surface, after 3 and 6 immersion
days. However, after 12 days of immersion this film cannot resist whatever the
silane used.
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Chapter 3

Fabrication and Characterization
of Cobalt-Pigmented Anodized
Zinc for Photocatalytic
Application
Judith Chebwogen and Christopher Mkirema Maghanga

Abstract

Population growth and urbanization have led to water scarcity and pollution,
which is a health hazard not only to humans but also to the ecosystem in general. This
has necessitated coming up with ways of treating water before consumption.
Photocatalysis has proved to be one of the most promising cheap techniques that
involve chemical utilization of solar energy. TiO2 widely used in photocatalysis
absorbs a narrow range of the solar spectrum compared to ZnO. In this regard, this
study aimed at preparing and optimizing cobalt-pigmented ZnO, which is applicable
in photocatalytic water treatment. The objectives in this study were to fabricate zinc
oxide (ZnO) thin films by anodization, pigment the fabricated films with varying
cobalt concentrations, characterize the fabricated films optically, and investigate the
cobalt-pigmented ZnO’s performance in the methylene blue degradation under UV
light irradiation. Mirror-polished zinc plates were sonicated in ethanol and rinsed.
Anodization was done at room temperature in 0.5 M oxalic acid at a constant voltage
of 10 V for 60 min, and cobalt electrodeposited in the films. Post-deposition treat-
ment was done at 250°C. Optical properties of the films were studied using a UV-VIS-
NIR spectrophotometer in the solar range of 300–2500 nm. The photocatalytic activ-
ity of the fabricated films was studied in methylene blue solution degradation in the
presence of UV light irradiation for 5 h. Cobalt pigmenting was observed to reduce
reflectance and optical band gap from 3.34 to 3.10 eV indicating good photocatalytic
properties. In this study, ZnO film pigmented with cobalt for 20 s was found to be the
most photocatalytic with a rate constant of 0.0317 h�1 and hence had the optimum
cobalt concentration for photocatalytic water treatment. This can be applied in
small-scale water purification.

Keywords: photocatalysis, anodization, zinc oxide, pigmenting, optical properties

1. Introduction

Contaminated waste water from industries, refineries, agriculture run-off,
domestic and sewage water contain organic pollutants that are not only harmful to
human but also the ecosystem in general. This calls for the need to treat water
before discharge to the environment. Some of the water treatment methods used
are reverse osmosis, sedimentation, filtration, distillation, coagulation and floccula-
tion, chlorination, photocatalysis and aeration. According to Ref. [1], photocatalytic
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water treatment has proved to be one of the most promising ways of purifying
waste water. This technique degrades the hazardous organic pollutants in water by
chemically utilizing solar energy. It involves the excitation of electrons from the
valence band to the conduction band of a semiconductor by a radiation with
sufficient energy. The photogenerated electrons and holes react with oxygen and
hydrogen in water respectively to form superoxide and hydroxyl radicals as
illustrated in Figure 1.

Photocatalytic water treatment is preferred because it is efficient, simple, possi-
ble to use solar light thus reusable and also capable to mineralize pollutants into
products which are environment friendly [3]. Photocatalysis is also applied in air
purification, in antibacterial action, hydrogen evolution through water splitting,
designing self-cleaning surfaces, sterilization and photo electrochemical conversion.
In these applications, semiconductors are used as photocatalysts.

Some of the attractive photocatalysts applied in photocatalytic degradation are
Titanium dioxide (TiO2), zinc oxide (ZnO), tin oxide (SnO2). Iron (iii) oxide
(Fe2O3), Vanadium (v) oxide and niobium pentoxide (Nb2O5) have also been
reported by [4]. TiO2 is the most studied and applied in photocatalysis because of its
structural stability, nontoxicity and effectiveness according to [5, 6]. Its only draw-
back as compared with ZnO is that it absorbs a narrow range of the solar spectrum
yet they have similar band gap energies, [7]. In addition, ZnO is readily available
and cheaper than TiO2.

2. Zinc oxide (ZnO) properties and applications

ZnO is an n-type direct wide band gap semiconductor whose crystals exist in
hexagonal wurtzite, zincblende and rock salt structures but the most common
structure is hexagonal wurtzite because it is stable. Its band gap energy is about
3.37 eV at room temperature, and it has a high exciton energy of 60 meV.

According to [8], ZnO photocatalysis is influenced by its direct band gap and
large free exciton binding energy (60 meV). ZnO also possess unique properties like
photosensitivity, nontoxicity, environmental stability and good optical and electri-
cal properties. These properties according to [9] have attracted much interest in
varied applications. It also has high electron mobility, good thermal conductivity
and transparency. All these properties make ZnO a promising material in several
semiconductor applications including designing of transparent thin film transistors,

Figure 1.
Photocatalyst e� and h+ generation and their possible reactions in aqueous solutions [2].
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light emitting diodes (LEDs), heat protecting windows and transparent electrodes
in liquid crystal displays. They are also vital in applications like antibacterial use as
reported by [10], dye sensitized solar cells by [11] gas sensors by [12] and
photocatalysis as reported by [13].

2.1 ZnO photocatalytic water treatment

In photocatalytic water treatment, light energy greater than that of ZnO band
gap illuminated on its surface excites electrons from its valence band to the con-
duction band leaving behind holes in the valence band. The excited electrons then
interact with the surrounding oxygen to form superoxide radicals O� ∗

2

� �
while

holes interact with water to form hydroxyl radicals (HO ∗ ). These radicals react
with the organic compounds dissolved in water decomposing them to water and
carbon (IV) oxide. Photocatalytic water treatment process can be summarized
using the equations, [14]:

ZnOþ hv ! e�cb þ hþvb (1)

hþvb þH2O ! Hþ þHO ∗ (2)

e�cb þO2 ! O� ∗
2 (3)

O� ∗
2 þHþ ! HO ∗

2 (4)

HO ∗
2 þHO ∗

2 ! H2O2 þO2 (5)

H2O2 þ e�cb ! HO ∗ þHO� (6)

H2O2 þ hv ! 2HO ∗ (7)

RþHO ∗ ! CO2 þH2O (8)

Figure 2 illustrates how ZnO photocatalysis degrades organic pollutants.
ZnO photocatalytic activity is limited by its wide band gap property which

makes it active only in the UV region of the solar spectrum [15]. This can be
enhanced by doping or pigmenting it with a transition metal or nonmetal where the
impurity added reduce the band gap consequently expanding its response to solar
radiation. The preferred metal for pigmenting ZnO is Cobalt which has an ionic
radius (0.745 Å) close to that of Zinc (0.74 Å) as stated by [16].

Figure 2.
Diagram showing ZnO photocatalytic mechanism [13].
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3. Fabrication of zinc oxide thin films and nanostructures

Several techniques have been adopted in ZnO synthesis into different morphol-
ogies. These include spray pyrolysis, hydrothermal method, Radio Frequency (RF)
and Direct Current (DC) magnetron sputtering, sol-gel and electrochemical anodi-
zation. The technique used determines the ZnO nanostructure formed. These
nanostructures can be nanowires, nanoflowers, nanobelts and nanoparticles. ZnO
thin films can also be fabricated using these techniques.

The choice of the technique in designing ZnO thin films is determined by the
quality of the films required, simplicity, fabrication time and cost among others. In
the synthesis of ZnO thin films, [17] acknowledged electrochemical anodization as a
simpler route to design thin films. This technique is cheap. Simple and affordable.

3.1 Anodization

This is a simple two electrode configuration which involves a working electrode
(anode) and a counter electrode (cathode) dipped in an electrolyte. A constant direct
current passed through the electrodes results in the formation of a thin oxide layer on
the surface of certain metals. The schematic diagram is as illustrated in Figure 3.

In this method of fabrication, several parameters like electrolyte temperature,
inter-electrode spacing, electrolyte concentration, applied voltage and anodizing
time should be controlled since they not only affect the nanostructure formation but
also the surface density. While the type of electrolyte used determine the shape of
the nanostructure, electrolyte concentration, anodizing time and the applied volt-
age influence the nanostructure density.

In the formation of ZnO thin films by anodization, Zinc metal is the working
electrode (anode) and any inert material is the counter electrode (cathode). A
constant current is passed from a power supply through the electrodes which results
in redox reactions. These reactions are expressed as:

At the cathode:

2Hþ þ 2e� ! H2 (9)

At the anode:

Zn ! Zn2þ þ 2e� (10)

Figure 3.
Schematic diagram for the experimental setup for anodization [18].
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Zn2þ þ 2OH� ! Zn OHð Þ2 (11)

Zn OHð Þ2 ! ZnOþH2 O (12)

4. Experiment

ZnO thin films were fabricated by anodizing about 99% pure ultrasonically
cleaned Zinc metal in 0.5 M magnetic stirred Oxalic acid electrolyte at room tem-
perature (300 K) for 60 min. Electric current was passed through the zinc metal
(working electrode) and graphite (counter electrode) at a constant voltage of 10 V.
The anodized films were rinsed in distilled water and then left to dry in air. This led
to the formation of a white anodic film on the surface of Zinc metal. The experi-
ment setup for anodizing Zinc is shown in Figure 4.

Varying Cobalt concentrations were incorporated into ZnO films by electrode-
position method using 0.5 M Cobaltous (II) sulphate solution as the Cobalt source.
This was done by passing alternating current from a 20 V source through the
Cobaltous (II) sulphate solution containing ZnO working electrode and graphite
counter electrode for 10, 20, 30, 40, 50 and 60s. The films were then rinsed and left
to dry in air. Heat treatment was done in a Carbolite 301 temperature controller at
523 K for 2 h.

The amount of Cobalt deposited in ZnO films at different deposition times was
obtained using the Faraday’s law of electrochemistry which is expressed mathemat-
ically as [19]:

m ¼ Q
F

� �
M
z

� �
(13)

where m is the mass of Cobalt deposited expressed in grams, Q is the charge in
coulombs passed through ZnO, F is the Faraday constant (96485.33289 Cmol�1), M
represents the molar mass of Cobalt expressed in grams mol�1 and z is the valency
number of Cobalt. Q is given by the product of current passed and time in seconds
(Q = It) where the current passed is 2.18 A.

Optical characterization was done using PERKIN ELMER UV/VIS/NIR
Lambda 19 spectrophotometer equipped with an integrating sphere which can
be used to measure the absorbance, transmittance and reflectance of the films.

Figure 4.
Plate showing the experimental setup for anodizing zinc metal.
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This spectrophotometer was set to measure the reflectance of the films in the solar
range 300 nm < λ < 2500 nm against a barium sulphate reference standard.

The photocatalytic activity of unpigmented and Cobalt-pigmented ZnO thin
films was studied in the degradation of aqueous methylene blue solution which is
the simulated pollutant under UV light. The UV source composed of a UV cabinet
with a UV lamp of wavelength 366 nm, 2 � 6 W irradiation power and methylene
blue absorbance was measured using Optima SP-3000nano UV-VIS spectropho-
tometer. 60 ml of methylene blue with 10 ppm concentration was put in a petri dish
and placed in the dark for 60 min to allow for adsorption-desorption equilibrium.

The petri dish and its contents were then transferred into the UV cabinet and
illuminated for 5 h at ambient temperature. 1 ml of the degrading solution was
drawn at 30 min intervals and its absorbance directly measured at 664 nm using the
UV-VIS spectrophotometer. The absorbance recorded in this case was directly
proportional to methylene blue concentration. This was revealed by a calibration
curve plotted from standard methylene blue solutions of known concentrations
prepared prior to the measurement. The calibration curve was used to obtain the
concentration of methylene blue in the experiment with respect to absorbance.

4.1 Data analysis

Data was analyzed using SCOUT software which allows for analysis and simula-
tion of optical spectra such as reflectance, transmittance and absorbance. This was
done by fitting the measured experimental data into the simulated data in the
software with the aid of different models. In this case, the models used are the
Drude model for free carriers, harmonic oscillator to describe the atomic micro-
scopic vibrations and Tauc Lorentz model to determine the band gaps of the films.

5. Results

A white ZnO thin film formed on Zinc electrode surface as a result of the redox
reactions at the anode and cathode. The average film thickness as obtained from
fitting of the experimental measured spectra into the simulated spectra using
SCOUT software was 110 nm. Figure 5 shows one of the obtained fitted spectra.

5.1 Reflectance spectra

The reflectance spectra of the fabricated films obtained from the spectropho-
tometer is shown in Figure 6.

As seen in the Figure 6, ZnO reflectance was affected by Cobalt pigmenting
because Cobalt pigmented ZnO films had a lower reflectance than unpigmented
ZnO. This decrease in reflectance may be attributed to darkening of the films when
Cobalt concentration was increased. Lowered reflectance may also be as a result of
the films becoming rough as Cobalt is deposited according to Ref. [20]. The more
the Cobalt concentration, the rougher the films hence the decrease in the quantity
of reflected light implying increased light absorption (absorbance).

5.2 Absorption coefficient

The absorption coefficient of the fabricated films was obtained from reflectance
data of the films using the relation [21]:
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Rþ T ¼ e�αd (14)

which yields

α ¼ 1
d
ln

1
R λð Þ
� �

(15)

where α is the absorption coefficient, d is the film thickness and R λð Þ is reflec-
tance as a function of wavelength. Figure 7 shows the variation of the absorption
coefficient of the films with wavelength.

From the figure, it was observed that there is a sudden increase in the absorption
coefficient at shorter wavelengths about 348 nm. This peak corresponds to ZnO
absorption edge indicating that ZnO absorbs at short wavelengths in the UV region
of the solar spectrum. It was also observed that Cobalt pigmenting affected the
absorption coefficient since an increase in the Cobalt concentration led to an
increase in the absorption coefficient. This may be attributed to the decrease in

Figure 5.
Illustration of fitting of experimental to simulated spectra.

Figure 6.
Measured reflectance for zinc and the ZnO films with different cobalt concentrations.
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reflectance of the films as Cobalt concentration was increased. According to Ref.
[22], the content of pigment in a film affects its absorption. Another peak was
observed at about 1000 nm which shows absorption resulting from interband
transition in the Zinc substrate [23].

5.3 Optical band gap

ZnO is a direct band gap semiconductor whose band gap can be obtained from a
plot of αhνð Þ2 versus energy in eV. Figure 8 shows the band gaps of the fabricated
films.

The band gaps of the films ranged from 3.34 to 3.10 eV for pure ZnO and ZnO:
Co 60s films respectively. The fabricated pure ZnO films had a band gap of 3.34 eV
which is similar to the preceding work done in Ref. [24] who also found 3.34 eV.
The gradual decrease observed as Cobalt was introduced into the ZnO films in
different amounts is associated with the red shift of the absorption edge as observed
in the reflectance spectra.

Figure 7.
Variation of absorption coefficient of the films with wavelength.

Figure 8.
Graph showing the band gap analysis of the fabricated films.
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In Refs. [25–27], a gradual decrease in ZnO band gap with Cobalt pigmenting is
also reported. They attributed the decrease to sp-d exchange interactions between
the d electrons of Cobalt and ZnO conduction band electrons once the Cobalt ions
substitute the Zinc ions in the crystal lattice. It was also stated that High Cobalt
concentration led to the wavefunctions of the electrons in the Cobalt atoms
overlapping as the Cobalt density increases resulting in the formation of an energy
band by the overlapping forces consequently reducing the gap.

5.4 Photocatalytic degradation of methylene blue

In the investigation of photocatalytic degradation of methylene blue solution,
the pseudo-first order kinetic model was used which according to [28] enables
quantification of the photocatalytic activity of samples. This model involves the
presentation of raw data as integral data. The performance of the pure and some of
the Cobalt pigmented ZnO films was as shown in Figure 9. Methylene blue
degradation without catalyst was used the control experiment.

From the figure, it is observed that the rate at which methylene blue with
catalyst degraded was faster than that without the catalyst. Also, Cobalt pigmenting
increased the degradation rate which may be attributed to the decrease in the
optical band gap resulting from the red shift which was observed in the reflectance
spectra. This shift resulted in more electrons gaining kinetic energy consequently
moving to the conduction band to take part in the degradation process.

ZnO:Co 20s is had a higher rate of degradation with its degradation rate of
0.0317 h�1 obtained using the relation [28]:

� ln
C
C0

� �
¼ kt (16)

where k is the degradation rate constant given by the slope of the graph.
Heavy Cobalt content however lowered the methylene blue degradation rate.

This may be attributed to the fact that excess metal pigment covered the active sites

Figure 9.
A graph of ln (C/C0) versus time in minutes for sampled films.
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of the ZnO catalyst lowering its activity. It may also be due to the generation of the
impurity levels deep in ZnO band gap which acted as recombination centers for the
photogenerated electrons.

6. Conclusion

• ZnO thin films were successfully fabricated by anodization. The film formed
was white in color.

• Reflectance of the ZnO films decreased with increase in cobalt content; hence,
the increase in absorption on pigmenting is attributed to the films becoming
rougher with increase in cobalt concentration.

• The band gap of ZnO changed from 3.34 eV for unpigmented to 3.10 eV for the
most pigmented film.
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Chapter 4

Diverse Synthesis and 
Characterization Techniques of 
Nanoparticles
Agnes Chinecherem Nkele and Fabian I. Ezema

Abstract

Nanoparticles are small particles that range from 1 to 100 nm in size, exhibit 
several physical and chemical features. An understanding of nanoparticles would 
reveal great qualities and potential applications that would aid the diversifica-
tion of thin film technologies. The synthesis methods employed like top-down, 
bottom-up, chemical, biological, and mechanical processes have great influence on 
the properties exhibited by such nanomaterials. This review covers an insight into 
the knowledge of nanoparticles, their classifications, parameters affecting their 
efficient performance, synthesis and characterization techniques of nanoparticles. 
Nanoparticles are also characterized to obtain their morphological, structural, 
optical, elemental, size, and physiochemical features. The potential applications of 
nanoparticles have not been left undiscussed.

Keywords: nanoparticles, thin film technologies, synthesis, characterizations, 
applications

1. Introduction

Nanotechnology involves synthesizing and developing different nanomaterials. 
The field of nanotechnology allows different nanoparticles of unique features to be 
produced. Nanoparticles (NPs) are complex material particles that fall within the 
range of one to hundred nanometers. Their nanometer sizes drive the chemical, 
optical, physical, and electric features of the nanoparticles [1]. Naturally, nanopar-
ticles can be sourced from geological, biological, meteorological, and cosmological 
means. However, nanoparticles can be created from liquid and solid materials by 
breaking down biopolymers, condensing gases, wet chemical process, implantation 
of ions, hydrothermal process, pyrolysis, radiolysis etc. Nanoparticles are usually 
viewed with the aid of electron microscopes, can penetrate filters, and have unique 
mechanical properties that distinguish them from the bulk materials. Nanoparticles 
exist in various shapes like nanorods, nanostars, nanofibers, nanospheres, nano-
flowers, nanoboxes etc. [2].

Nanoparticles comprise a functionalized surface, a shell of different layered 
materials, and the core/main nanoparticle [3]. The features of materials in their 
bulk form are different from their nanoparticle forms because of the large area 
to volume ratio, interfacial layer, affinity to solvents, kind of coating, quantum 
mechanics effects, rate of diffusion, mechanical, and ferromagnetic features [1]. 
The large area to volume ratio makes the nanoparticles highly reactive and able to 
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penetrate membranes. The chemical nature of nanoparticles should be studied to 
enhance their molecular attachment to surfaces.

2. Classification of nanoparticles

Nanoparticles may be metallic, non-metallic [1], anthropogenic, engineered, 
organic, or inorganic as outlined in Figure 1. Metallic nanoparticles include copper, 

Figure 1. 
Schematics on the classifications of nanoparticles.

Nanoparticles Features

Silver Very effective, high antimicrobial performance, wide range of usage

Gold Good for identifying protein interactions, useful in tracing out fingerprints, detects 
antibiotics and cancerous cells, efficient for cancer diagnosis and other bacteria

Iron Biocompatible and useful for treating cancer, sorting stem cells, analyzing genes, and 
drug delivery

Quantum dot Diameters less than 10 nm, semiconducting nanoparticle, size-dependent

Carbon 
nanotubes

sp2 hybridized carbon atoms, strong electron bonds, high electrical conductivity, good 
catalysts.

Copper Wide absorption spectrum, distinct optical features, yields good quality nanoparticles

Ceramics Inorganic amorphous solids; could be polycrystalline, porous, amorphous or dense; 
vastly applied in photocatalysis, imaging devices etc.

Semiconductor Large and tunable band gap nature, suitable in water splitting and electronic appliances.

Polymeric Majorly organic components and easily functionalized

Lipid-based Comprise lipid components, uses surfactants as core stabilizers

Table 1. 
Some nanoparticles and their respective features.
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magnesium, zinc, gold, titanium, silver etc.; while non-metallic nanoparticles 
include silica, carbon nanotubes etc. Anthropogenic NPs are by-products obtained 
from industrial produce while engineered nanoparticles are directly obtained from 
 manufacturing processes.

Some of the nanoparticles and their features [2, 4] have been summarized in 
Table 1.

3. Synthesis techniques of nanoparticles

The techniques applied in synthesizing nanoparticles greatly influence their 
morphology, size, structure, and performance. The electrochemical, physiochemical, 
optical, and electrical features of the nanoparticles are also affected. In some occasions, 
nanoparticles are coated so as to retain their features after precipitating out of suspen-
sions. The synthesis methods for nanoparticles are broadly divided into top-down and 
bottom-up approaches [4].

3.1 Top-down approach

Top-down method is a destructive method that breaks down large molecules 
into smaller parts before converting into the relevant nanoparticles. This approach 
involves some decomposition strategies like chemical vapor deposition (CVD), 
milling process, and physical vapor deposition (PVD). Milling is used to extract 
nanoparticles from coconut shells with the crystallite size reducing with increasing 
time. Nanoparticles of iron oxide, carbon, dichalcogenides, cobalt (III) oxide have 
been produced using this method.

3.2 Bottom-up approach

This approach involves the formation of nanoparticles from simple materials 
in a build-up manner. It is environmentally friendly, less poisonous, feasible, and 
of low cost. The materials used are usually Reduction and sedimentation processes 
like green synthesis, bio-chemical, spin coating, sol–gel etc. adopt this approach. 
Nanoparticles of titanium dioxide, gold, bismuth have been synthesized via this 
approach. The reaction chain for the production of gold nanoparticle has been 
illustrated in Figure 2 [5].

Synthesizing nanoparticles could also involve chemical or biological processes 
[1]. Some chemical synthesis techniques of nanoparticles include sol–gel method, 
wet chemical synthesis, hydrothermal method, thermal decomposition, microwave 
method etc. [2]; while the biological means involve enzymes, microorganisms, 
plant extracts, and fungi.

3.3 Chemical methods

Some chemical methods adopted in synthesizing nanoparticles include sol gel, 
precipitation, hydrothermal, thermal decomposition, solvothermal, vapor syn-
thesis etc. [6, 7]. Sol–gel method is an easy means of producing nanostructures by 
homogenously mixing precursors in a solvent to form a gel material which is then 
heated to produce the required nanoparticle. It begins from preparing a sol which 
undergoes gelation process to solvent removal. Wet chemical/precipitation method 
is a fast and easy process for synthesizing large scale nanoparticles. Hydrothermal 
method utilizes high pressure and temperature to power heterogeneous reactions 
under aqueous solvents like water. The kind of pressure, pH, and temperature 
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applied affects the features of the synthesized nanoparticles. Such nanoparticles 
are suitable for biotechnological use because of their hydrophilic surface nature [8]. 
Thermal decomposition involves oxidizing a solid material in optimal temperature. 
Solvothermal method uses a solvent to produce various materials like polymers, 
semiconductors, or metals at moderate or high pressure [9]. It produces novel and 
stable nanoparticles with controlled thicknesses and temperature. To synthesize 
nanodots; the cationic source is dissolved in suitable solvent alongside a surfactant 
which stabilizes the growth rate. Cadmium selenide, zinc oxide, zinc selenide are 
producible using this method and can be applied in magnetic and biotech industries 
[10]. In vapor synthesis, gaseous molecules chemically react to produce a phase 
which condenses and leads to particle growth. The higher the temperature, the 
faster the particles are formed. Different means of inducing homogenous nucle-
ation include condensing inert gases, vaporizing a supersaturated material using 
a pulsed laser, generating a spark discharge by charging electrodes, sputtering the 
material with unreactive gaseous ions; or through some chemical methods like 
chemical vapor deposition, photothermal method, flame synthesis, or spray pyroly-
sis [11]. This method suitably yields nanoparticles of titania, carbon, and silica. 
Flame synthesis is commonly used to commercially produce silica, carbon black, 
optical fiber, and titania [12]. Particles produced by converting gases in furnace 
reactors or hot walls are usually very pure, although it produces  agglomerated 
particles.

3.4 Biological methods

Biological or biosynthesis of nanoparticles is an environmentally-friendly, 
green, and non-toxic method involving microorganisms [13–15]. Nanoparticles 
of iron oxide, silver, nickel oxide, copper oxide, zinc ferrite have been synthesized 
using this method [16–22]. The location of the nanoparticle determines the point 
of synthesis; whether intracellular or extracellular [1]. Intracellular production of 
nanoparticles uses enzymes to move ions into the cells of microbes and produces 
smaller sized nanoparticles in the organism. Extracellular synthesis does not involve 

Figure 2. 
Formation process of gold nanoparticle.
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cell components and yields nanoparticles outside the cell, uses fungi with large 
secretory organs. Microbes like fungi and bacteria are responsible for controlling 
the synthesis process. Microorganisms are immensely used to produce nanoparticles 
because of their economical, non-poisonous nature, and detoxification of heavy 
metal power. Phytonanotechnology is compatible with biological systems, available 
source materials, high stability, and entails synthesizing nanoparticles from plants 
[23]. Changes in the pH level of plants alter their binding strength, morphology, 
and the number of metallic ions available during the synthesis. The different 
sources, synthesis methods, and areas of application of nanoparticles have been 
represented in Figure 3 [23]. Biogenic means of producing nanoparticles are green 
and cheap; with the involvement of fungi, waste materials, and bacteria [5].

3.5 Mechanical methods

Nanoparticles can also be synthesized by mechanical methods like mechanical 
alloying, milling, and mechanochemical processes [24]. Milling method regenerates 
interfacial chemical operations at low temperatures. Mechanochemical technique 
involves continuous welding operations that adequately select milling materials and 
minimize agglomerations. For effective production; the stoichiometry of source 
materials, thermal treatment, paths for reaction to occur, and milling conditions 
would be carefully considered. Nanoparticles of oxides, iron, nickel, silver, cobalt 
can be synthesized using these methods.

4. Characterization methods for nanoparticles

Properties of nanoparticles like shape, size, surface morphology, crystal-
line nature, light absorption etc. need to be completely described using relevant 

Figure 3. 
Diverse bio-development synthesis of nanoparticles and their application areas.
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characterization techniques [2]. Some of the methods used to characterize nanopar-
ticles [4] include:

4.1 Morphological features

The morphology of nanoparticles greatly influence the properties exhibited by 
nanoparticles. Microscopy methods applied on nanoparticles are usually electron 
microscopy or scanning probe microscopy. Scanning electron microscope (SEM) 
gives nanoscale and surface information of the dispersion and morphology of 
nanoparticles. Microscopy techniques are destructive and used for single-particle 
measurements. Transmission electron microscopy (TEM) uses transmittance of 
electrons to provide bulk information at high and low magnifications. Optical 
microscopic technique is not useful for nanoparticles because the size of nanopar-
ticles is smaller than light diffraction limit. Coupling spectroscopic techniques to 
electron microscopes would enable elemental studies to be carried out.

4.2 Optical studies

Optical methods reveal reflectance, transmittance, photochemical, and lumi-
nescence features of nanoparticles. Spectroscopy uses the interaction of particles 
with electromagnetic radiation to determine the shape, concentration, and size of 
nanoparticles. Spectroscopic techniques like infrared, ultraviolet–visible, photolu-
minescence (PL), UV/vis-diffuse reflectance spectrometer (DRS), and magnetic 
resonance methods are applied to nanoparticles. DRS is specially used to determine 
the band gap energy of nanoparticles. PL studies reveal the effect of emissivity and 
absorptivity on the excitation of photons, half-life, and recombining effects of the 
charges. The sizes of nanoparticles affect their optical features and make it useful in 
bioimaging devices [4].

4.3 Structural analysis

The structure of nanoparticles gives details about the kind of bond existing 
between the atoms and the features of the bulk material. Some of the structural 
techniques used on nanoparticles include BET, X-ray diffractometry (XRD), IR 
etc. XRD describes the phase, particle size, type of NP, and crystal nature of the 
nanoparticles.

4.4 Elemental studies

The elemental composition of nanoparticles can be determined using energy 
dispersive X-ray spectroscopy (EDX), XPS, Raman, FT-IR etc. EDX details the 
elemental components of bulk particles. Better contrast is obtainable when the 
obtained spectra are compared with a computer generated model. XPS is a very 
sensitive spectroscopic method used to obtain the exact compositional ratio of 
the elements, their bonding nature, depth profile analysis. Raman and FTIR 
techniques use vibrational methods to show functionalized peaks and particle 
information.

4.5 Size estimation

Sizes of nanoparticles can be estimated using scanning electron microscope, 
transmission electron microscope, X-ray diffractometer, atomic force microscope 
etc. The sizes of the nanoparticles are obtained using size distribution profiles and 
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give more precise results when used alongside digital models. The surface area can 
be estimated using BET via adsorption and desorption processes.

4.6 Physiochemical characteristics

Mechanical properties, optical activity, surface area, and chemical reactions of 
nanoparticles are physiochemical characteristics obtainable from nanoparticles. 
Free surface electrons on nanoparticles are very mobile and are not scattered upon 
light illumination. The magnetic features of NPs are manifested at small nanoscales 
due to their uneven distribution, influenced by the synthesis technique adopted, 
and find vast application in biomedicine, resonance imaging, and catalytic devices. 
Mechanical characteristics of nanoparticles like stress, surface coatings, hardness, 
strain, friction, adhesiveness etc. aid an understanding of NPs and greatly affect the 
quality of the surface. Nanoparticles have great conduction to heat especially on the 
surface.

5. Application areas of nanoparticles

Generally, nanoparticles have been applied in various areas including anticancer 
drugs, vaccines, disease treatment, cancer diagnosis, mechanical factories, electron-
ics, optical devices, energy harvesters, manufacturing processes, cell imaging, and 
delivery systems due to their unique features [4]. NPs also aid water contaminants to 
be absorbed on the surface during water purification, serve as environmental sensors, 
and protect materials from harmful substances. Some of the application areas of the 
nanoparticles [2, 23] have been summarized in Table 2.

Despite the numerous applications of NPs; they suffer from poisonous and 
harmful body effects which inhaled, ingested, or transferred to the ground and 
surrounding environs. Nanoparticles are also affected by organic materials which 
lead to agglomeration. The poisonous effects associated with NP synthesis can be 
curtailed by adopting green synthesis methods especially in the synthesis of silver, 

Nanoparticles Application areas

Nickel oxide Dye sensitized solar cells, supercapacitors, batteries, water treatment and catalytic 
systems, gas sensing devices.

Carbon 
nanotubes

Integrated circuits, electronic components, textile, construction, cosmetics, medicine

Cerium oxide Biomedical equipments, electronic appliances, energy devices

Titanium 
dioxide

Coatings, water purifiers, paints

Silver Clothing, textile industries, food packaging companies, agriculture, automotives, 
electronics, medicine, and fitness centers.

Iron Optical devices, water purifier

Calcium Agriculture, automotives, food

Zinc oxide Agriculture, automotives, cosmetics, home appliances, food

Gold Cosmetics, environmental products, food, medicine

Palladium Automotive, electronic appliances, food

Table 2. 
Application areas of some nanoparticles.
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iron, copper, gold nanoparticles amongst others [25]. The synthesis process for 
silver nanoparticles is as shown in Figure 4 [25].

Green synthesis involves different capping substances like biomolecules and 
polysaccharides. Green methods are non-poisonous, environmentally friendly, 
involve toxic-free solvents, compatible in biological systems, and utilize reagents 
like sugars, polymers, vitamins, plant extracts [26]. Plant-based extracts like latex, 
leaf, seed, root, or stem are more suited for bioprocesses as they are cheap, non-
complex, easily reproduced, and highly stable. Other sources of waste materials 
useful for nanoparticle production have been outlined in Figure 5. Models can 
be developed to minimize the difficulties associated with distributing the size of 
the particles and NPs synthesis by computing the rates at which the particles get 
nucleated [11].

Figure 4. 
Experimental diagram for the bioproduction of silver nanoparticles.

Figure 5. 
Schematic showing different sources of waste material.
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6. Conclusion and future perspective

The need for environmentally-friendly and stable nanomaterial that would be 
compatible with biological systems have prompted researchers into the production 
of nanoparticles. This chapter gives general knowledge on nanoparticles, their 
classification, merits and demerits, several synthesis and characterization tech-
niques. Nanoparticles have economical and simple manufacturing processes that 
are classified into top-down method, bottom-up approach, chemical synthesis, 
biological method, and mechanical process. Several characterization methods of 
nanoparticles are geared towards understanding the morphological, structural, 
optical, size, mechanical, and physiochemical features. Each property is obtain-
able from different machines and using different techniques. The synthesis and 
characterization methods employed greatly influence the obtained features of the 
nanoparticles. Nanoparticles find useful application in medicine, drug delivery, 
cosmetics, optical devices, electronics, solar cell devices etc.

© 2020 The Author(s). Licensee IntechOpen. 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. 
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Chapter 5

Roles of Cobalt Doping on
Structural and Optical of ZnO
Thin Films by Ultrasonic Spray
Pyrolysis
Sabrina Roguai and Abdelkader Djelloul

Abstract

Here we report a systematic study of structural, optical, and magnetic
measurements of Zn1-xCoxO (x = 0–0.22 at.%) by Ultrasound pyrolysis spray
technique. The hexagonal wurtzite structure of our films is confirmed by X-ray
diffraction with an average crystallite size estimated in the range of 18–30 nm. For
the optical proprieties, using the Levenberg–Marquardt least squares rule, the
experimental transmission measurements were perfectly adapted to the transmis-
sion data calculated by a combination of the Wemple-DiDomenico model, the
absorption coefficient of an electronic transition and the Tauc-Urbach model. The
concentration of the NCo absorption centers and the oscillator intensity f of the d-d
transition of Co2+ ions are determined by the Smakula method. The presence of
high concentrations of localized states in the thin films is responsible for the
reduction in the width of optical bandgap.

Keywords: thin films, X-ray diffraction, optical properties

1. Introduction

Zinc oxide is a transparent direct gap and wide band gap semiconductor
(3.37 eV) with a fairly high excitonic binding energy of 60 meV at room tempera-
ture, it is attracting more and more attention from researchers because of its wide
range applications, in particular in the field of spintronics [1–4]. Zinc oxide is a
transparent material with a transmission value of 0.9 in the visible, crystallizes in a
wurtzite-like structure defined by a hexagonal lattice where zinc ions occupy the
centers of the tetrahedral sites and oxygen ions occupy the vertices.

The improvement of the properties of thin ZnO layers is commonly achieved
through doping. Among the different dopants, cobalt (Co) thanks to the similarity
between the ionic rays (rCo2+ = 0.058 nm) and (rZn2+ = 0.060 nm). In order to
obtain what is called Diluted Magnetic Semi-conductor (DMS), these DMS play an
important role as they allow the integration of certain components of spintronics
and optoelectronics [5–10].

Different technological processes can be used to deposit cobalt-doped ZnO in
thin films [11–14]. The doping of ZnO with transition metal ions such as Co
(substitution of Zn + 2 ions by Co + 2 ions) induces magnetic properties due to its
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possible applications in the field of spintronics. Moreover, the excellent optical
properties of ZnO and the engineering possibility of the bandgap by doping the
matrix with Co2+ ions strongly encourages the exploration of the magneto-
optical properties of the Co2+ doped ZnO system [15–17]. Much research work is
focused on the elaboration of single-phase Zn1-xCoxO thin films with several
techniques [18].

The determination of the optical constants (refractive index, extinction coeffi-
cient, thickness) of thin films is of great interest both on a fundamental and tech-
nological level. Among the various techniques commonly used to deduce these
parameters, we can cite the techniques of optical transmission, X-ray reflectometry
and ellipsometry.

ZnO thin films, depending on the cobalt doping concentration, have a high
transparency of more than 90% in the visible (400–750 nm) and infrared range.
Three absorption bands located at 568, 608 and 659 nm that can be attributed to the
dd transitions of the tetrahedrally coordinated Co2+ ion in the high spin state are
attributed respectively: A2 4 (F) ! A1 (G) 2, A2 4 (F) ! T1 (P) 4 and A2 4 (F) ! E
(G) 2. The value of Eg for the ZnO thin film was found to be increased from 3.26 eV
to 3.31 eV with an increase in the Co doping concentration. The increase of the
bandgap can be attributed to the strong sp-d exchange interaction between the band
electrons and the localized d-electrons of the dopant [19].

In this study, thin layers of ZnO, Zn1-xCoxO deposited by the ultason pyrolysis
spray technique at a temperature of 450 °C weighing 30 min.. and their structural
and optical properties are reported in this work. A particular attention is given to
the theoretical methods used for the determination of the dispersion parameters of
the films using only a single transmission spectrum.

2. Experimental

2.1 Film preparation

ZnO, Zn1-xCoxO thin films have been developed by the pyrolysis spray tech-
nique, is well known for its simplicity and possibility to produce large area films.
The properties of the deposited material can be changed and controlled by appro-
priate optimization of the deposition conditions, on glass substrates (solid glass),
the choice of glass as the deposition substrate was adopted because of the good
thermal expansion it presents with ZnO (αverre = 8.5.10�6 K �1, αZnO = 7.2.10�6 K �1)
so as to minimize the stresses at the substrate layer interface, and for economic
reasons, for their transparency which is well suited for the optical characterization
of films in the visible.

We used, in this work, 0.01 M of zinc acetate [Zn(CH3COO)2.2H2O)] (Fulka
99.9%);comme matériau source (de ZnO) que nous avons dissous dans 50 ml
deionized water (resistivity = 18.2 MΩ.cm); 20 ml CH3OH (Merck 99.5%); 30 ml
C2H5OH (Merck 99.5%) and Cobalt nitrate hexahydrate 1–22% (Co, at. %) [Co
(NO3)2�6H2O] has been used as the Co source. A small amount of acetic acid was
added to the aqueous solution for adjusting the pH value to about 4.8, in order to
prevent the formation of hydroxides. Further details are reported elsewhere [20].

The structural properties of the thin films were studied by an X-ray diffractom-
eter Rigaku Ultima IV powder equipped with CuKα radiation (λ = 1.54 Å). X-ray
diffraction (XRD) data were recorded at a scanning speed of 2 degree/min, between
20° and 80°. The optical properties of the films were studied by recording the
transmittance spectra of the films within the wavelength range of 190–1800 nm
using a Perkin Elmer UV–VIS–NIR Lambda 19 spectrophotometer.
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3. Results and discussion

3.1 Structure and microstructure analysis

Figure 1 shows the DRX diagram of a thin layer of cobalt doped ZnO. It can be seen
from the spectrum that the films are well crystallized. The different diffraction peaks
correspond to the (100), (002), (101), (102), (110), (103), (112) planes of hexagonal
wurtzite structure of polycrystalline ZnO (Card. JCPDS N0 36–1451), and no other
crystalline phase was detected. Peak intensities vary considerably depending on the Co.
The preferred direction of growth during deposition changes with the level of Co
doping: along (002) for pure ZnO, (101) for xCo = 0.01, then again (002) for xCo in
the range of 0.03–0.14, and finally at varying orientations for even higher Co content.

Table 1 illustrates the various results of X-ray diffraction Rietveld refinements
results. It can be noticed that the size of crystallite varies within a narrow interval of
18–30 nm, whereas the micro-strain changes considerably with Co content in to the
range of 0.131–0.289%.

The evolution of the mesh parameter a and c of the Zn1-xCoxO thin films as a
function of the doping rate is shown in Table 1. Indeed, the mesh parameters were
calculated using the Bragg’s law and from the peak (002) of the X-ray
diffractogram. An increase of the a mesh parameter is noted while the c parameter
was not affected, accompanied with an increase of the unit volume when the cobalt
level increases. However, the development of network parameters with a Co rate is
more difficult than expected. Four points must be taken as a reference, as their
effects occur concomitantly:

1.According to Vegard’s law, the lattice parameters are expected to decrease
slightly as the Co level increases, the ionic radius of Co is smaller than that of Zn.
In fact, in our case, the ionic radius of Co is slightly smaller than that of Zn2+ in
tetrahedral coordination with an ionic radius of 0.060 nmwill not be completely
filled by Co2+ in tetrahedral coordination with an (rCo2+ = 0.058 nm) but also
with Co2+ in octahedral coordination with an r = 0.065 nm (low spin) or/and
0.075 nm (high spin) [21]. The substitution of Co into tetrahedral coordination
was confirmed by transmittance measurements (see section 3.2).

2.Depending on the size impact in the nanomaterials, the lattice contraction is
assumed to occur when the particle size (crystallites) reduces [22].

3.The mismatch between the glass substrate and the thin film (ZnO) deposited
causes a certain constraint in the ZnO and may cause some distortion of the
lattice, so that the lattice parameters may vary depending on this [23].

4. Influence of the deposition temperature (450 °C) on the stoichiometry, which
means that possible gaps in O and/or Zn are likely to be created, and that O can
even fill interstitial sites [24]. This will lead to anisotropic changes in the
properties of the matrix.

5.Several Zn or/and Co could also invest interstitial sites, which would cause a
disturbance of the layout parameters of the lattice.

3.2 Optical properties

The refractive index (n) is very important in the determination of the optical
properties of semiconductors. Knowledge of the refractive index is essential in the
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design of laser heterostructures, optoelectronic devices, and solar cell applications.
From the transmission spectra obtained for the ZnO, Zn1-xCoxO layers, the refrac-
tive index can be determined. The refractive index of the film can be calculated
using a single-effective-oscillator fit, proposed by Wemple et al. [25], of the form

Figure 1.
XRD patterns of (a) pure ZnO film and (b–h) Co-doped Zn1-xCoxO thin films. The XRD (b–h) correspond to
the Co atomic content of 1%, 3%, 5%, 9%, 14%, 18% and 22%, respectively. The inset shows the Rietveld
refinements of Zn1-xCoxO composition. Solid blue curve: Calculated pattern; red solid line: Experimental data;
solid orange line (down): Intensity difference.
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n2 � 1 ¼ EdE0= E2
0 � E2� �

where E ¼ hc=λ is the photon energy, E0 the single oscil-
lator energy, and Ed is the dispersion energy. The parameter Ed, which is a measure
of the strength of inter-band optical transitions, is found to obey the simple empir-
ical relationship Ed ¼ βNCZaNe in which NC is the coordination number of the
cation closest to the anion, Za is the formal chemical valence of the anion, Ne is the
effective number of valence electrons per anion (usually Ne = 8), and for the ionic
βi = 0.26 � 0.04 eV. The values of E0, Ed and β of ZnO are listed in Table 2.

Information on the dispersion of the refractive index below the band gap can be
evaluated by the dispersion correlation below:

n2 � 1 ¼ S0λ20
1� λ0=λð Þ2 (1)

in which λ is the wavelength of the incident light, S0 is the average oscillator
power of the absorption band with the resonance wavelength λ0, which is an
average oscillator wavelength. The equation Eq. (1) is also transformed into:

n2 � 1 ¼ n2∞ � 1
� �

λ2

λ2 � λ20
(2)

where n∞ and λ0 are the high-frequency refractive index and average oscillator
wavelength, respectively.

When absorption bands in the visible and near infrared regions coexist (extinc-
tion coefficient, k 6¼ 0), the refractive index dispersion data can be analyzed by the
following dispersion relation:

n2 � 1� k2 ¼ n2∞ � 1
� �

λ2

λ2 � λ20
(3)

Composition Crystallite
Size (nm)

Microstrain
(%)

Lattice
Parameters

(Å)

Rwp(%) Refinements
Rp (%)

Factors
Re (%)

S χ2

ZnO 25 0.266 a = 3.2542
c = 5.2129

16.87 11.84 8.93 1.71 2.92

Zn0.99Co0.01O 21 0.096 a = 3.2577
c = 5.2124

9.21 7.37 7.55 1.21 1.48

Zn0.97Co0.03O 35 0.230 a = 3.2594
c = 5.2172

8.23 6.28 5.40 1.52 2.32

Zn0.95Co0.05O 23 0.289 a = 3.2572
c = 5.2162

9.58 7.41 7.63 1.25 1.57

Zn0.91Co0.09O 22 0.131 a = 3.2613
c = 5.2172

8.55 6.64 6.76 1.26 1.59

Zn0.86Co0.14O 25 0.143 a = 3.2605
c = 5.2148

8.94 6.99 6.15 1.45 2.11

Zn0.82Co0.18O 18 0.147 a = 3.2689
c = 5.2230

8.40 6.72 6.18 1.36 1.85

Zn0.78Co0.22O 18 0.142 a = 3.2644
c = 5.2167

8.02 6.55 6.12 1.31 1.71

Table 1.
X-ray diffraction Rietveld refinements results.
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In cases where the absorption of a chemical system shows the “simple form”

band of absorption, the electronic transition is capable of correctly representing the
same band. To replicate the structure of this absorption band, a simple Gaussian
profile centred on the vertical transition in question is then used. This assumes a
vertical electronic transition between the state Si and the state Sj, the wavelength o
electron transition λi ! j and the strength of the oscillator f i!j The resulting spectral
band’s expression αi!j is proportional to a Gaussian function such as:

αi!j λð Þ∝
f i!j

ξ0
ffiffiffi
π

p exp � λ� λi!j
� �2

ξ02

 !
, ξ0 ¼ ξ

2
ffiffiffiffiffiffiffiffiffiffiffiffi
ln 2ð Þp (4)

where ξ represents the width at half maximum of the Gaussian function, or
bandwidth. This parameter is chosen empirically by comparison with experiment.

In a simple solid consisting of a host lattice and an impurity ion, the absorption
coefficient α for the solid solution can be considered as the sum α = α h + α i, where
α h, is the absorption from the host lattice and α i is the contribution to the
absorption coefficient from the impurity ion.

Where ξ the distance at the half limit of the Gaussian function or bandwidth is
represented. Compared to experiments, this parameter is selected empirically.

The absorption coefficient α for the solid solution can be considered as the sum
α = α h + α i, I where α h, is the absorption from the host lattice and α I is the
contribution to the absorption coefficient from the impurity ion, in a simple solid
consisting of a host lattice and an impurity ion.

α h is equal to the absorption coefficient for the un-doped ZnO for ZnO:Co.
The extinction coefficient k is related by the expression 4πk/λ to the absorption

coefficient α. In the transparent range (λ ≥ λg), the extinction coefficient k is [29]:

k ¼ k0
exp Bλg=λ

� �� 1
� �

exp Bð Þ � 1ð Þ þ λ

4π
α0 þ

Xq

j¼1

αi!j λð Þ
" #

(5)

where λg - wavelength of absorption region (Eg eVð Þ ¼ 1239:8=λg nmð Þ),
i - ground state, j - excited state and q is the number of excited states.

The extinction coefficient k in the region of interband transitions (λ ≤ λg) is:

k ¼ k1 1� λ

λg

� �r

þ k0 (6)

In which k0, k1, B, λg, f i!j, ξ
0 and λi ! j are the fitting parameters, r can,

depending on the nature of the interband electronic transitions, have values such as
1/2, 3/2, 2, and 3, such as direct permitted, direct prohibited, indirect permitted and
indirect prohibited transitions, respectively [26, 27]. The value of r for ZnO is
always 1/2, i.e. the fundamental absorption corresponds to the direct transforma-
tion permitted.

Formulas relating the measured values of T(λ) and thickness, d, to the real and
imaginary components of the refractive index, N = n-ik, for the absorbing film on a

Cristal E0 (eV) Ed (eV) M�1 M�3, 10�2 (eV)�2 n∞ n at 598 nm β (eV)

ZnO 6.4 17.1 2.672 6.523 1.916 1.996 0.27

Table 2.
Dispersion parameters for ZnO [34]. Wurtzite (NC = 4, Za = 2, Ne = 8).
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transparent substrate are necessary for the measurement of the optical constants
from the data. The common approach is to consider light reflection and transmis-
sion at the three interfaces of the multilayer structure of the air/film/substrate/air
and to express the results in terms of Fresnel coefficients.

The device is encircled by air with a refractive index of n0 = 1. Taking into
account all the multiple reflections at the three interfaces, it can be seen that the
expression of the transmittance T(λ) for normal incidence is given in the case where
k2 < < n2 is given in [20]:

T ¼ Aχ
B� Cχ þDχ2

(7)

where,
A ¼ 16γ2ns n2 þ k2

� �

B ¼ nþ 1ð Þ2 þ k2
h i

nþ 1ð Þ nþ n2S
� �þ k2

� �

C ¼ 2η n2 � 1þ k2
� �

n2 � n2S þ k2
� �� 2k2 n2S þ 1

� �� �
cosφ� 2kη 2 n2 � n2S þ k2

� ��

þ n2S þ 1
� �

n2 � 1þ k2
� �� sinφD ¼ η2 n� 1ð Þ2 þ k2

h i
n� 1ð Þ n� n2S

� �þ k2
� �

φ ¼ 4πnd=λ
χ ¼ exp �αdð Þ
α ¼ 4πk=λ

γ ¼ exp � 1
2 2πσ=λð Þ2 1� nð Þ2

h i
, η ¼ exp �2 2πσ=λð Þ2

h i
.

When σ is the height of surface irregularity for rms. The parameters n and k are
the real and imaginary components of the refractive index of the thin film, d is the
thickness of the film and ns is the refractive index of the real substratum. Knowing
the substrate’s refractive index and putting the n and k values as calculated from
Eqs. (3), in Eqs. (5) and (6) respectively, in Eq. (7), it is possible to obtain the
theoretical transmittance value, referred to as TTheo. Then the experimental trans-
mittance data (Texpt) was completely fitted with the transmittance data measured
(Ttheo) by Eq. (7) by the application of the Levenberg–Marquardt least square
method, through a combination of the Wemple-DiDomenico model, the electronic
transition absorption coefficient, and the Tauc-Urbach model.

The exact film thickness and energy bandgap can be determined by minimizing
the sum of squares (|Texpt-Ttheo|) created for different values of thickness (d) and
gap wavelength (λg) by iterative technique and finding the corresponding n and k.

The glass substrate refractive index, taken from Ref. [28], is:

n2S ¼ 1þ 1:0396� λ2

λ2 � 6:0069� 103 þ
0:23179� λ2

λ2 � 2:0017 � 104 þ
1:0104� λ2

λ2 � 1:0356� 108 (8)

Transmittance spectra were taken at room temperature to study the optical prop-
erties of Zn1-xCoxO films. At wavelengths of 565, 611, 657, 1297, 1410 and 1648 nm, the
transmittance spectra of all films display the characteristic Co2+ absorption in the
visible and near infrared spectral area. The prevalent absorption is the first three peaks.

The colorless host lattice (ZnO) is converted into green by the dopant (Co2+)
ionIf the concentration of dopant ions is low, it is possible to ignore the interaction
between the dopant ions. This is what has been perceived as an isolated center of
absorption here. In the studied systems, the actual distance between two Zn atoms
is around �0.326 nm, while the Zn atoms in Zn1-xCoxO are present with ZnO
distances of 0.196 nm in tetrahedral structures. The mean distance between Co ions
that have been replaced by Zn sites within the ZnO crystal lattice can be calculated
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for uniformly distributed Co ions through [29] Nat = (4/3) (Z/VC) π r3, where r is
the average radius of an atomic sphere and Nat is the number of atoms in the
sphere. The structural parameters for Zn0.95Co0.05O are: a = 0.32572 nm,
c = 0.52162 nm; volume of unit cell (VC) = 47.92 � 10�3 nm3; Z = 2. For zinc atoms
in a wurtzite structure of Zn0.95Co0.05O, Z/VC = 41.73 nm�3. Co ion occupy 5% of
the zinc sites in the Zn0.95Co0.05Ofilm. The 20th position of zinc from the probe
atom is also occupied by cobalt. The average distance between Co ions is calculated
to be about �0.48 nm using the above measurement, indicating that the closest Co
ion to a Co ion probe is located in the next unit cell.

According to the ligand field theory [20], splitting of 3d7 (Co2+) orbital should
result in the spectroscopic terms 4A2 (A: no degeneracy), 4T2,

4T1 (T: three fold
degeneracy), and 2E (E: two fold degeneracy). For Co2+ in ZnO crystal lattice, Co2+

substitutes for some Zn2+, and adopts tetrahedral ligand coordination. The 3d levels
are extremely host sensitive. The strong crystal field in ZnO leads to the splitting of
3d electron orbits of Co2+ and produces the ground level: 4A2, and the excited states:
2E, 4T2, and

4T1, etc. The transitions from
4A2 to

4T2, and
4T1 are spin-allowed.

Figures 2 and 3 show UV spectra of ZnO and Zn1-xCoxO films. The absorption
peaks located at 657, 610, and 567 nm for Zn1-xCoxO films can be assigned as
4A2(F)! 2E(G), 4A2(F)! 4T1(P), and

4A2(F)! 2A1 (G), of Co
2+, attributed to the

crystal field transitions in the high spin state of Co2+ in the tetrahedral coordination,
suggesting that the tetrahedrally coordinated Co2+ ions substitute for Zn2+ ions in
the hexagonal ZnO wurtzite structure [20]. Between 1272 and 1647 nm, additional
crystal field transition was observed, namely 4A2(F) ! 4T1(F) transition.

In Figures 2 and 3, the strong curve, refer to the fitting of the curve using Eq. (7)
and the symbol represents the data from the experiments. The figures indicate a fair
fit for the experimental results, indicating the precise determination of the param-
eters of Eq. (7). Table 3 presents the values of d, Eg, Ed, E0, rms and n, derived by
fitting the experimental data with Eq. (7).

The pure ZnO film optical energy band-gap was measured to be 3.26 eV.
This value is marginally lower than the bulk value of 3.31 eV [1], and is in good
alignment with the ZnO thin film data previously reported [30].

Figure 2.
Transmission spectrum of ZnO films deposited on glass substrate at 450 °C is presented as a reference. Measured
(full circles) and calculated (solid lines) transmittance spectra of films.
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The direct optical bandgap value will be reduced from 3.26 to 3.00 eV. The
interactions of s-d and p-dexchange lead to a negative and positive correction of the
conduction band and the edges of the valence band, resulting in the narrowing of
the band gap. The interaction results in energy band corrections; the conduction
band is lowered while the valence band is increased, causing the band gap to
decrease [20].

The decrease in energy value from 3.26 eV (pure ZnO) to 3.00 eV
(Zn0.78Co0.22O) appears to be due to active transitions involving 3d Co2+ ion
levels and intense sp–d interactions between the itinerant ‘sp’ carriers (band
electrons) and the dopant’s localized ‘d’ electrons. Several researchers have
already recorded this red change of band-gap Eg with the incorporation of Co2+

into ZnO [31].
Using single oscillator energy (E0) and dispersion energy (Ed) obtained from the

fitted transmittance spectra reported in Table 3, M�1 and M�3 moments of the
optical spectra can be determined from the following two Equations [25]:

Figure 3.
Transmission spectra of Zn1-xCoxO films deposited on glass substrate at 450 °C. measured (full circles) and
calculated (solid lines) transmittance spectra of films.

Thickness,
nm

Eg,
eV

Ed, eV E0,
eV

n at
598 nm

n∞ M�1 M�3, �10�2

(eV)�2
σ,
nm

Porosity
%

ZnO 486 3.258 11.334 6.018 1.771 1.698 1.883 5.200 38 17.0

Zn0.99Co0.01O 1350 3.177 12.373 6.198 1.802 1.731 1.996 5.196 128 14.1

Zn0.97Co0.03O 846 3.097 13.478 6.185 1.859 1.783 2.179 5.696 130 09.7

Zn0.95Co0.05O 421 3.050 13.422 5.635 1.940 1.839 2.382 7.501 95 03.8

Zn0.91Co0.09O 463 3.075 11.621 6.061 1.781 1.708 1.917 5.219 40 15.7

Zn0.86Co0.14O 722 2.993 11.872 6.192 1.778 1.708 1.917 5.000 96 16.0

Zn0.82Co0.18O 396 3.023 19.290 5.947 2.166 2.060 3.243 9.171 74 /

Zn0.78Co0.22O 395 3.009 19.706 6.037 2.169 2.065 3.264 8.956 78 /

Table 3.
Dispersion parameters of the films extracted by fitting the experimental data with Eq.(7).
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E2
0 ¼ M�1

M�3
(9)

E2
d ¼

M3
�1

M�3
(10)

These moments represent the measure of the average bond strength. The two
moments M�1 and M�3 were calculated from the data of E0 and Ed and are given in
Table 3.

The calculated refractive indices of ZnO and Zn1-xCoxO films (Figure 4) exhibit
a function of the wavelength. It is found that the refractive indices at 598 nm of
ZnO, Zn0.95Co0.05O and Zn0.78Co0.22O films are equal to 1.77, 1.96 and 2.16,
respectively.

It can be noticed that the above calculated refractive indices are equal or a little
greater than that of ZnO film prepared under the same conditions. This might be
due to the fact that the index of refraction is sensitive to structural defects (for
example voids, dopants, inclusions), thus it can provide an important information
concerning the microstructure of the material.

It can be observed that the refractive indices measured above are equal to, or
slightly greater than, the ZnO film prepared under the same conditions. This may be
due to the fact that the refractive index is vulnerable to structural defects (such as
voids, dopants, inclusions), so it can provide valuable details about the material’s
microstructure. As Zn(CH3COO)2 was oxidized into ZnO, gases like CH3COOH,
H2O, etc. were manufactured. Consequently, because of the release of these gases,
pores can be easily formed. Using the LorentzLorenz Equation [32], porosity P is
determined from optical constants:

P ¼ 1�
n2film � 1
� �

n2bulk þ 2
� �

n2film þ 2
� �

n2bulk � 1
� � (11)

Figure 4.
Refractive index of Zn1-xCoxO films grown on glass substrate at TS = 450 °C.
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In which the nfilm value (1,771 at 598 nm) represents the refractive indices of
porous ZnO films, the nbulk represents the ZnO bulk refractive indices at the same
wavelength of 1,996. The average mass density of the film ρfilm is related to the
porosity (P) and bulk density (ρbulk) of ZnO through Eq. (12):

ρfilm ¼ ρbulk 1� Pð Þ (12)

Against the bulk density ρbulk = 5.61 g.cm�3, we calculated P = 0.1659 and
ρfilm = 4.68 g.cm�3. The concentration of cobalt cations NCo for x at. doping level in
the films can be measured as:

NCo ¼
ρfilmNAv

M
� x (13)

where NAv is the Avogadro constant and M the molar mass. With the values
ρfilm = 4.68 g cm�3, NAv = 6.022 � 1023 mol�1, and molar mass for ZnO,
M = 81.408 g.mol�1, an example (x = 0.05) of the calculated value (x = 0.05) of NCo

is 1.73 � 1021 cm�3.
As a tool for calculating the concentration of impurities in a host from known

values and calculated absorption coefficients, oscillator intensity is also used. Clas-
sically, the power of the oscillator ƒ is the number of electric dipole oscillators that
can be simulated (inthe dielectric dipole approximation) by the radiation field and
has a value close to one for strongly permitted transitions. Integrated optical tran-
sition absorption is connected by the well known Smakula formula [33] to the
concentration of absorbing centers N, refraction index n, and oscillator intensity f:

Nf ¼ 8:21� 1016cm�3 n

n2 þ 2ð Þ2
ð
α Eð ÞdE (14)

where n is the refractive index of intersubband transitions, α is the decadic
absorption coefficient in cm�1 and E is the energy in eV. For Gaussian absorption
bands the integral is:

1
2

ffiffiffiffiffiffiffiffiffi
π

ln 2

r
αmaxW (15)

Figure 5.
The Gaussian deconvolution of the absorption coefficient of Zn0.78Co0.22O films deposited on glass substrate at
450 °C.
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with maximum absorption α and full width at half maximumW. Eq. (14) can be
expressed as follow:

Nf ¼ 8:74� 1016cm�3 n

n2 þ 2ð Þ2 αmaxW (16)

Due to the Co2+ d-d transitions, it is difficult to measure the absorbance because
the total transmittance value is different for each film. The absorption coefficient
(α≈ 1=dð Þ � ln 1=Tð Þ) was then used because it is normalized by the thickness of the

1 2 3 4 5 6

Zn0.99Co0.01O: d = 1350 nm, NCo
cal = 3.403 � 1020 cm�3, NCo

exp = 3.622 � 1021 cm�3,
Σfi ! j = 6.060 � 10�3

Refractive index 1.811 1.799 1.789 1.745 1.742 1.739

fi ! j, �10�3 0.161 1.472 1.452 1.481 1.481 0.010

N, �1020 cm�3 11.16 1.133 3.069 1.806 0.746 18.310

Zn0.97Co0.03O: d = 846 nm, NCo
cal = 9.835 � 1020 cm�3, NCo

exp = 1.223 � 1021 cm�3, Σfi ! j = 0.025

Refractive index 1.869 1.856 1.845 1.798 1.795 1.792

fi ! j, �10�3 0.597 5.803 4.696 6.934 5.998 1.039

N, �1020 cm�3 6.514 1.533 2.506 1.431 0.046 0.205

Zn0.95Co0.05O: d = 421 nm, NCo
cal = 1.867 � 1021 cm�3, NCo

exp = 1.393 � 1020 cm�3, Σfi ! j = 0.100

Refractive index 1.953 1.935 1.921 1.858 1.855 1.851

fi ! j, �10�3 9.665 19.88 19.48 22.11 22.31 7.224

N, �1019 cm�3 2.531 5.545 4.429 0.209 0.383 0.835

Zn0.91Co0.09O: d = 463 nm, NCo
cal = 2.876 � 1021 cm�3, NCo

exp = 4.887 � 1020 cm�3, Σfi ! j = 0.178

Refractive index 1.791 1.778 1.768 1.722 1.720 1.717

fi ! j, �10�3 15.10 38.86 38.87 38.45 38.87 8.333

N, �1020 cm�3 1.533 1.530 1.290 0.214 0.065 0.255

Zn0.86Co0.14O: d = 722 nm, NCo
cal = 4.706 � 1021 cm�3, NCo

exp = 6.307 � 1020 cm�3, Σfi ! j = 0.174

Refractive index 1.786 1.775 1.765 1.722 1.720 1.717

fi ! j, �10�3 6.730 29.53 31.38 36.31 38.78 31.206

N, �1020 cm�3 2.532 1.857 1.389 0.108 0.305 0.116

Zn0.82Co0.18O: d = 396 nm, NCo
cal = 6.392 � 1021 cm�3, NCo

exp = 3.327 � 1020 cm�3, Σfi ! j = 0.268

Refractive index 2.180 2.161 2.146 2.081 2.078 2.075

fi ! j, �10�3 17.92 29.71 41.94 74.64 90.80 13.161

N, �1020 cm�3 0.931 1.173 0.845 0.205 0.027 0.146

Zn0.78Co0.22O: d = 395 nm, NCo
cal = 7.263 � 1021 cm�3, NCo

exp = 1.791 � 1020 cm�3, Σfi ! j = 0.417

Refractive index 2.182 2.164 2.149 2.085 2.082 2.078

fi ! j, �10�3 22.72 36.66 41.92 106.3 111.3 98.643

N, �1020 cm�3 0.269 0.830 0.600 0.024 0.052 0.016

1: 567 nm (4A2(F) ! 2E(G)); 2: 610 nm (4A2(F) ! 4T1(P)); 3: 657 nm (4A2(F) ! 2A1(G)); 4: 1297 nm
(4A2(F) ! 4T1(F)); 5: 1410 nm (4A2(F) ! 4T1(F)); 6: 1647 nm (4A2(F) ! 4T1(F)).

Table 5.
Level of absorbing sites N and oscillator strength f of Co2+ ions transition d-d.
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film (d) as shown in Figure 5. The mathematical treatment of the coefficient of
absorption is seen. It was possible to achieve a good fit for the multi-peak combi-
nation by optimizing the peak position and half-width of the Gaussian peaks.

At the bottom of Figure 5, the Gaussian peaks (dashed lines) while the solid line
reflects the linear combination with a constant history of the multi-Gaussian peaks.
Table 4 shows the Gaussian peak position, field, width (eV) and height
(αmax, cm

�1). The mathematical treatment of the absorption coefficient has shown
that a series of overlapping bands consists of a large visible and near infrared
spectral area. 0.75, �0.86, �0.96, �1.87, �22 are distinguished by six dominating
bands.

Understanding the strengths of the oscillator fi ! j as determined from Eq. (7)
The refractive index value of the intersubband transitions, i.e. at λi ! j film, αmax

and full width at half maximum W as defined by the Gaussian deconvolution of the
absorption coefficient, enables the concentration of absorbing centers N. to be
calculated from the formula of Smakula.

Table 5 displays the values obtained for the concentration of absorbing centers
(N) and oscillator power (f) of the fingerprint of d-d transitions of Co2+ ions at the
Td symmetry sites.

For the investigated films, the amount of the oscillator intensity (Σfi ! j) from
ground state 4A2(F) to all other states ranges from 0.006 to 0.417.

As mentioned above, the values of the direct optical band-gap is reduced from
3.26 to 3.00 eV. This significant band-gap reduction is due to enhanced Co2+ ions
incorporation in the films as confirmed by the obtained concentration of absorbing
centres.

In the deposition method by ultrasonic spray pyrolysis, the film growth is car-
ried out by thermal decomposition of a precipitate at the substrate; This deposit
results from the vaporization of the aerosol droplets. In this situation, the material
that forms contains different types of impurities causing a disorder in the structure.
In this case, the crystal lattice bounded by EV and EC may disappear. When the
disorder becomes too high (eg with the appearance of dangling bonds or impurities
in the material), the tails may encroach. We define the notion of Urbach parameter
(EUrb) to characterize this disorder. It is possible to estimate the existing disorder in

Figure 6.
Doping result and the variation of the bandgap and Urbach energy for different Co content.
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the layers by studying the variations of the absorption coefficient. Indeed, the
absorption coefficient can be expressed by the Equation [34]:

α ¼ α0 exp
hυ
EUrb

� �
, hυ≺Eg

All our experimental results for the variation of the optical bandgap of the thin
layers and disorders (Urbach energy of each sample is shown) as function of cobalt
contents is shown in Figure 6. It is observed that the bandgap decreases with
increasing cobalt content. The presence of high concentrations of localized states in
the thin films is responsible for the reduction in the width of optical bandgap.
Therefore, the addition of Co increases the concentration of localized states in the
thin film leading to the decrease of the bandgap.

4. Conclusion

X-ray diffraction analysis using the Rietveld method shows that the as-deposited
ZnO and Zn1-xCoxO (x = 0.01–0.22) films are pure single wurtzite phase. The lattice
parameter “a” increases with Co content while “c” seems to not much affected,
thereby the volume of unit cell increases with increasing Co. However, the evolu-
tion of lattice parameters with Co content, is more complex than expected.

An optical model, which combines the Wemple-DiDomenico model, absorption
coefficient of an electronic transition and Tauc-Urbach model, has been proposed to
simulate the optical constants and thicknesses of Co doped ZnO films from normal
incidence transmittance. The simulated transmission is found to be well matched to
the measured transmission. The dispersion curves of the refractive index follow the
model of the single oscillator. The dispersion parameters and the optical constants
of the layers have been determined. The concentration of absorbing centres NCo and
oscillator strength f of d–d transition of Co2+ ions are also calculated from Smakula’s
formula.

The presence of high concentrations of localized states in the thin films is
responsible for the reduction in the width of optical bandgap.
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Chapter 6

Multifunctional ZnO 
Nanoparticle: Based Coatings 
for Cultural Heritage Preventive 
Conservation
Ludmila Otilia Cinteză and Maria Antonia Tănase

Abstract

Coatings based on nanoparticles embedded in various filmogenic materials are 
still a hot topic in nanomaterial research, due to the exceptional variety of applica-
tions. The chapter present recent progress in synthesis and characterization of 
hybrid material with ZnO nanoparticles and their use as functional coatings for 
various substrates. The antibacterial and UV protection efficiency of ZnO nanopar-
ticle-based coatings on paper and stone are discussed, with particular emphasize on 
the specific requirements for application in cultural heritage preventing conserva-
tion. Functional materials based on ZnO are presented as possible treatment for 
protection of historic and archaeological textiles and metal artifacts. Trends in 
environmental friendly methods to fabricate the ZnO nanoparticles will be evalu-
ated, compared to classic ones, in terms of material characteristics and efficiency.

Keywords: zinc oxide nanoparticles, multifunctional coatings, antimicrobial, 
superhydrophobic, cultural heritage

1. Introduction

Defined as “design, production and application of structures, devices and 
systems by controlling shape and size at nanometer scale”, nanotechnology is the 
most emerging field designed to revolutionize material science. Due to their unique 
properties, nanomaterials become an important resource for the scientific commu-
nity in solving many issues related to many domains, from medicine to aeronautics, 
optoelectronics, clean energy or waste treatment. Among the multitude of metals 
and metal oxides that can be used in the fabrication of nanoparticles, zinc oxide 
(ZnO) is of a great importance due to its specific physical and chemical proper-
ties, easiness in processing, low cost and abundance of precursors. Zinc oxide is a 
semiconductor type material, with the band gap of 3.36 eV and an exciton-binding 
energy of 60 meV, making it a suitable nanomaterial for the optoelectronic industry 
[1]. At nanometric size, ZnO exhibits antibacterial, antifungal, UV-blocking or 
photocatalytic properties [2, 3]. Due to these properties it is well suited for applica-
tions in various fields such as biomedicine, textile industry, pharmaceutical and 
cosmetic industry, sensors, electronics, rubber industry [4, 5]. The antimicrobial 
properties of ZnO nanoparticles gain interest in the last decades and recommend 
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them as replacement to classic biocidal treatments for the surfaces. Their antifungal 
and antibiofilm activities were investigated in the last two decades as potential tools 
in preventive conservation of cultural heritage monuments [6].

Due to their unique physical and chemical properties Zinc oxide nanoparticles 
have become a key material in developing new nanotechnologies suitable for coating 
of different substrates. As seen from the plethora of synthesis routes and materials 
used as reagents, this kind of nanomaterials have a large variety of morphologies 
and sizes which lead to unique properties. Multifunctional ZnO nanomaterials 
could represent an interesting choice to be used in protecting the cultural heritage, 
besides their industrial applications, demonstrating their great versatility and 
 offering multiple benefits in this field.

2. Synthesis of zinc oxide nanoparticles

Extensive use of ZnO nanoparticles (NPs) generate important attention to their 
synthesis route, in order to achieve better control of size and shape of the obtained 
material. There are many methods that can be used such as: sol–gel, chemical vapor 
deposition, thermal oxidation [7], etc. but the easiest and most frequently used are 
the hydrothermal and solvothermal ones. Briefly, the precursor (zinc salt solution 
and a base solution) are mixed at different molar ratios in suitable solvents (water 
or nonpolar organics). The as obtained precipitate is washed and dried. Sometimes 
polymers are added to stabilize the obtained nanoparticles. By varying the solvent, 
precursors, molar ration or other reaction parameters one can obtain different size 
and morphologies of the nanoparticles.

Among the various synthesis methods, the hydrothermal one brings the most 
advantages such as low temperatures, low aggregation levels or good control over par-
ticle morphology and size. Synthesis of ZnO NPs with different morphologies using a 
simple hydrothermal method was reported [8]. Flowerlike nanoparticles are synthe-
sized using Zinc nitrate (Zn(NO3)2·6H2O) and cetyltrimethyl ammonium bromide 
(CTABr,) dissolved in deionized water under magnetic stirring at room temperature. 
NaOH is then slowly added drop wise. The resultant solution is then added in a 
stainless-steel Teflon autoclave. The white precipitate obtained is centrifuged, and 
dried, obtaining flower-like structures. Same synthesis route in the absence of CTABr 
and NaOH is used to obtain nanoplates and nanoparticles. The XRD and SEM char-
acterization showed wurtzite hexagonal structures, with the average diameter in the 
range of 40–80 nm for the nanoparticles, 30 nm thick nanoplates, and,  nanoplates 
agglomeration forming flower-like structures of 2 μm diameter.

Complex three-dimensional nanoaggregates (Figure 1) with different flower-
like morphologies, such as cauliflower-like, safflower-like microspheres and ixora-
like nano-structures can be obtained by the hydrothermal method, at different 
concentrations of OH− ions and Zn2 + −glutamic acid molar ratio [9].

Figure 1. 
SEM images of the ZnO 3D nanoaggregates (a, (cauliflower); b, (safflower); c, (ixora); [9].
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By varying the base added to the precursor solution, Ekthammathat et al. [10] 
obtain rod-like, pencil-like and star-like particles. Zinc foils are used as solid reagent 
and substrates for the direct growth of ZnO films. NaOH, LiOH and NH4OH solu-
tions in deionized water are used as source of OH− ions. The hydroxide are intro-
duced in Teflon stainless-steel autoclaves, and the clean Zn foils were added to each 
solution. The as-synthesized films on Zn substrates were rinsed and dried. When 
using NaOH as precursor, 100 nm diameter and 500 nm length nanorods were 
obtained, pencil like nanostructures of 300 nm diameter and more than 800 nm 
length in the case when using LiOH and in the case of NH4OH the authors obtained 
star-like nanostructures of 200 nm diameter and 1 μm length.

Stanković et al. [11] studied the influence of the stabilizing agents on the shape 
of ZnO NPs obtained from zinc acetate, Zn(CH3COO)2·2H2O and NaOH as precur-
sors. In the case when polyvinyl pyrrolidone (PVP) is used as stabilizing agent, a 
mixture of hexagonal prismatic rods and incompletely formed hexagonal pyramid-
like structures is obtained, with length approximately 1 μm and diameter of about 
100 nm. Different morphologies were obtained when using polyvinyl alcohol 
(PVA). The particles are spherical and well dispersed with average particle diameter 
around 30 nm, while ellipsoid shaped structures with the length of 500–600 nm 
and diameter of about 100 nm were obtained when using poly α,γ, l-glutamic acid 
(PGA). The morphology of ZnO nanopowders obtained in hydrothermal synthesis 
is also influenced by the variation of pH value. Kumaresan et al. [12] synthesized 
ZnO microparticles from ZnCl2 and NH4OH at different pH (7, 9, 11 and 13). When 
the pH is fixed at 7, the XRD and Field Emission Scanning Electron Microscope 
(FESEM) analysis reveal hexagonal shaped ZnO nanorods arranged in a flower 
like structure. The length and width of the nanorods which form nanorod-flower 
structure is about 4790 nm and 1000 nm respectively. When increasing the pH to 
9, spheroidal and hexagonal disk shaped morphologies were obtained. Nanorods of 
various lengths and widths were observed when the pH value rise to 11, whereas in 
the case of pH = 13, nanoflower structures of 4.8 μm diameter can be observed.

The temperature, pressure and reaction time can be minimized using the micro-
wave assisted hydrothermal synthesis [13]. Zinc oxide nanorods were produced 
from ZnCl2 and hydrazine as reagent. The white precipitate initially formed is 
transferred in a Teflon container and the mixture was irradiated and then cooled at 
room temperature, centrifuged, rinsed and dried. The nanorods formed are poly-
dispersed, with diameter between 65.14 and 170.93 and the length between 241.49 
and 941.16 nm. Hasanpoor [14] reports both the effect of the precursors and of the 
radiation power over the size and shape of ZnO nanostructures. The ZnO powder 
prepared from the solution of Zn(NO3)2·6H2O and ammonia to reach the pH 11.5, 
irradiated for 15 min at 510 W exhibit needle-shaped nanostructures. When the mix-
ture was subjected to irradiation for 10 min at 680 W, the particles were flower like.

Zare et al. [15] proposed a solvothermal synthesis in the presence of surfactants 
to obtain ZnO nanoparticles of different morphologies. Methanol solutions of 
Zn(NO3)2·6H2O and NaOH were mixed under constant stirring. Then surfactant 
solutions were added and the new mixture was transferred to a stainless-steel 
autoclave which was further heated and cooled at room temperature. The final 
product was washed and dried. When the surfactant was oleic acid, the obtained 
product has flower-like morphology (102 nm), when using gluconic acid the prod-
uct was a snowflake structure (119 nm) and when using Tween 80 the morphology 
was granular, with quasi spherical nanoparticles (69 nm). A solvothermal and 
hydrothermal microwave assisted synthesis of ZnO nanoparticles are compared by 
Krishnapriya [16]. Two zinc precursors, [Zn(NH3)4]2+and [Zn(OH)4]2− were mixed 
with double distilled water, ethylene glycol and ethanol. The as obtained mixtures 
are added to a quartz vessel and heated in the microwave, thancooled to room 
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temperature and the white precipitate obtained was filtered, washed, centrifuged 
and dried. The obtained nanoparticles have different flower-like morphologies, 
depending on the polarity of the solvent and on the precursor concentration. The 
diameter of the obtained nanoparticles is between 10 and 500 nm and their length 
between 300 nm and 3 μm.

Solvothermal methods can also be made in supercritical fluids. In a study done 
by our group [17], flowerlike ZnO nanoparticles were synthesized using an adapted 
method in supercritical CO2. The reagent Zn (NO3)2, NaOH and cetyltrimethylam-
monium ammonium bromide (CTABr) were dissolved in a mixture of ethanol and 
water. The reaction is performed in high temperature and pressure conditions, in a 
stainless-steel autoclave with Teflon coating. In the modified synthesis in supercriti-
cal CO2, the reaction cell was filled with carbon dioxide at certain temperature and 
pressure and remained at these conditions for the various period of time. After 
the system was cooled at −10°C was slowly depressurized. The white precipitates 
obtained in various conditions were collected, filtered and washed several time in 
water and alcohol. Both products obtained using the solvothermal synthesis per-
formed in the autoclave and in the case of supercritical CO2 variation were flower 
like aggregates of 700–900 nm, as seen in the SEM images presented in Figure 2.

In the last decade attention has been focused on using the green synthesis 
approach for nanoparticles in order to reduce the drawbacks of the classic methods 

Figure 2. 
SEM images of the ZnO nanopowders: (A) solvothermal synthesis in normal conditions, without surfactant; 
(B) solvothermal synthesis in autoclave, in the presence of surfactant CTABr; (C) supercritical CO2 assisted 
solvothermal synthesis, in the presence of surfactant CTABr (lowmagnification); (D) high magnification of 
sample C [17].
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discussed above (mainly the large use of toxic chemicals). The green approach 
implies the use of microorganisms (bacteria, fungus, algae) or plants in the syn-
thesis of various nanoparticles [18]. Briefly, in this synthesis approach, a precursor 
molecule (zinc acetate more often) and the plant extract are mixed under stirring in 
order to form Zn2+ ions which are transformed into ZnO nanoparticles in a hydro-
lysis reaction. Some recent results on green synthesis of ZnO nanoparticles are 
summarized in Table 1.

The main advantage is that there is no need of any stabilizing agents, while 
phytochemicals (polysaccharides, polyphenolic compounds, vitamins, amino acids, 
etc) content from the plant act both as reducing agent and capping or stabilizing 
agent [18].

3. Properties of zinc oxide nanoparticles

As semiconducting materials, Zinc oxide nanoparticles were first used in the 
optoelectronic industry and for their catalytic properties. As it is shown in the 
previous sections, there are many ways of synthesizing ZnO nanopowders in a large 
variety of dimensions and morphologies. These two main characteristics dictate the 
properties and further uses of zinc oxide nanoparticles.

3.1 Antimicrobial activity

One of the most important properties of ZnO NPs is their ability to inhibit the 
growth of various bacterial and fungal strains, both in solution or on the surfaces. 
Although their mechanism of action is not fully understood, the researchers 
proposed two possible routes: the physical and chemical interactions. In terms 

No. Vegetal source Precursor Size(nm) Morphology Reference

1 Laurul Nobilis L. Zn Nitrate 
Zn Acetate

25.26
21.49

Flowerlike Bullet 
like

[19]

2 Pineapple Zn Nitrate 73–123 Flower rod [20]

3 Garcinia mangostana Zn Nitrate 21 Spherical and 
hexagonal

[21]

4 Deverra tortuosa Zn Nitrate 9.26–31.18 Spherical [22]

5 Calotropis procera Zn Nitrate 15–25 Spherical [23]

6 Protoparmeliopsis muralis Zn Nitrate 178.06 Spherical [24]

7 Costus pictus D. Don Zn Nitrate 20–80 Hexagonal rod [25]

8 Prunus dulcis Zn Nitrate 25.2 Spherical [26]

9 Citrus sinensis Zn Nitrate 10–20 Spherical [27]

10 Phoenix dactylifera Zn Nitrate 31.6 Spherical [28]

11 Matricaria chamomilla L Zn Oxide 49.8–191 Hexagonal rods [29]

12 Citrus Limon Zn Oxide 60.8 Hexagonal prism [30]

13 Mentha spicata Zn Acetate 74.68 Spherical [31]

14 Oak Tree Zn Acetate 34 Spherical [32]

15 Tecoma castanifolia Zn Sulfate 70–75 Spherical [33]

Table 1. 
Green synthesis of ZnO nanoparticles.
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of physical interactions, plasma membrane disruption, cellular internalization 
or mechanical damage are the most frequent mechanisms, while in the case of 
chemical interactions there are three possible ways: reactive oxygen species (ROS) 
production and Zn2+ release and the photoproduction of H2O2 [34].

Antifungal activity of ZnO NPs against Asperillus niger [35], a microorganism 
responsible for the deterioration of a large variety of common or historic objects 
was investigated. The material with antimicrobial effect was obtained by dissolving 
micrometric ZnO and urea in glycerol. The clusters obtained have a pseudo spheri-
cal morphology and possess hierarchical structures, with average size of 590 nm, 
while the pristine ZnO crystallites have 15–30 nm. The obtained product shows 
antifungal activity against fungus A. niger and also proved bactericidal activity 
against the bacteria Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus). In 
both cases, the formation of bacterial colonies decreased at very low concetrations 
(3 ppm) of ZnO in the culture media.

Raghupathi et al. showed that the antibacterial activity of the ZnO nanopow-
ders was inversely proportional to the size of the nanoparticles in the case of gram 
positive bacteria, S. aureus [36]. The tested ZnO NPs were spherical in shape, with 
size varying between 12 and 307 nm. To determine the antibacterial activity of 
the ZnO nanoparticles a wide range of microorganisms were studied: S. aureus, 
S. epidermidis, S. pyogenes, E. faecalis, B. subtilis, B. cereus, E. coli, S. typhimurium, 
P. alcaligenes, E. aerogenes, S. flexneri, etc. The patterns of growth inhibition of 
microorganisms were similar and 95% growth inhibition was achieved with a 
concentration of 6 mM colloidal suspension of zinc oxide nanoparticles.

Functional nanocoating [37] based on ZnO and carboxymethyl-chitosan, 
with antibacterial and UV protecting properties was reported. To obtain the bio 
nanocomposite a water-soluble solution of carboxymethyl-chitosan was prepared, 
and further used as reaction media to synthesized ZnO NPs, which were spherical 
with an average size of 100 nm. The antibacterial activity of the coating, applied 
in various concentrations on the cotton samples was measured against S. aureus 
and E. coli. The results show that all treated samples have inhibition zone larger 
than the untreated samples. As the concentration of the suspension increase, the 
zone of inhibition also increases. Also, the resistivity of E. coli is larger compared 
to S. aureus. The values of the UV Protection Factor (UPF) increased when increas-
ing the temperature of curring of the nanocomposite treated fabrics. The same 
observations were made using UV transmittance tests. Unfortunately, the chitosan 
derivative was only used as stabilizing agent and polymer matrix, no study was 
performed to elucidate the role of biopolymer in the antibacterial activity of the 
nanocomposite.

The antimicrobial activity of ZnO NPs have been extensively investigated 
against many common bacterial and fungi, but systematic studies on the influence 
of size, shape, surface functionalization, specificity of strains are still missing. In 
particular, very few studies have been reported on the specific microorganism that 
colonize the historic monument or artistic artifacts.

3.2 Superhydrophobic functionalization of the surfaces

Another important property of zinc oxide nanoparticle is their ability to be 
used in superhydrophobic coating for different substrates. For a material to be 
considered superhydrophobic it must possess a certain roughness, with hierarchi-
cal structures in the micro and nano meter scale and the measured contact angle 
must be greater than 150o. Lee et al. [38] proposed a superhydrophobic nanocoating 
for various substrates, using a simple dispersion of ZnO nanoparticles in ethanol 
to ensure the suitable roughness. The colloidal suspension was spin-coated on a 
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silicone substrate several times and immersed in an ethanolic solution of stearic 
acid. From SEM measurements, the as obtained ZnO nanopowders were spherical, 
with size ranging from less the 10 nm to hundreds of nm. The large distribution of 
particle size leads to a rough surface, the roughness increasing when the number of 
coating cycles increases. The wetting properties of the coated substrate were tested 
by measuring the water contact angle (WCA). The water CA of the untreated sub-
strate was below 5o. After the chemical modification with the obtained nanocom-
posite the WCA increased beyond 150o, turning the material in superhydrophobic 
one. When the number of the coating cycles exceeded 20, the WCA dropped to 151o. 
All tested substrates (silicone, paper, cotton and polyethylene tereftalate) show 
similar behavior.

Zinc oxide based coatings with both superhydrophobic and antibacterial 
 properties were synthesized by Shaban et al. [2]. The solvothermal method is used, 
with concentrations of zinc acetate dissolved in 2-methoxyethanol and mono 
ethanolamine as reagents. The pH of the solution was controlled using NaOH or 
acetic acid. Magnesium acetate tetrahydrate was added as dopant. Characterization 
methods showed that the morphology of the nanoparticles is cillindrical with the 
average diameter of 13.4 nm. The prepared ZnO doped dispersion was used for the 
treatment of cotton fabrics. The wettability of the coated textile was tested by water 
contact angle. Best results were obtained when the concentration of the zinc precur-
sor was 0.5 M and the pH of the solution 7. The measured water contact angle was 
154o, demonstrating the superhydrophobic character of the coating. The resistance 
of cotton samples against the attack of microorganisms B. subtilis, K. pneumonia, 
E. coli, and S. typhimurium was also investigated and all tested samples showed 
antibacterial properties.

The work of Ghasemi [39] present a facile one-step method for the preparation 
of a hybrid zinc oxide/octadecanethiol material with superhydrophobic and anti-
bacterial properties that can be used as efficient coatings for cotton fibers. A fixed 
amount of octadecanethiol was mixed with zinc oxide NPs and chloroform. Fabric 
samples were immersed in this suspension for different amounts of time. Another 
approach was a two-step dip coating method: fabric samples were dipcoated in 
ZnO dispersion, removed and dried. The treated textile was then immersed in an 
octadecanethiol solution. As seen from SEM images one can observe some rough-
nesses on the surface of the fabrics, with the maximum cluster diameter of 2 μm. 
The wetting properties of the samples were determined by contact angle measure-
ments. Pristine fabric and the samples coated with only ZnO or octadecanethiol 
showed hydrophilic behavior, while the textile samples coated with both ZnO 
dispersion and octadecanethiol exhibits superhydrophobic properties, with the 
measured WCA of 161o. Coated fabrics were tested for their antimicrobial proper-
ties by cultivating microorganisms S. aureus and E. coli on the surface of the textile 
materials. Results show that S. aureus severely colonized on the pristine fabric 
while the superhydrophobic sample was more resistant on the bacterial attack. The 
inhibition of the bacterial growth was more obvious in the case of E. coli, results 
 corresponding to CFU measurements.

3.3 UV blocking and photocatalytic properties

Also it is worth mentioning the ability of zinc oxide to form UV absorbing 
and anticorrosion coatings. In a work developed by Becheri [40] ZnO NPs with 
UV-absorbing properties are synthesized using both hydrothermal and solvother-
mal method in order to obtain coating materials for cotton and wool fabrics. ZnCl2 
was dissolved in water or ethandiole and a solution of NaOH was added dropwise 
under stirring. The particles were separated from the supernantant, washed and 
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peptized (to disrupt the micro aglomeration and release the nanounits of ZnO), 
washed again and calcinated. The as obtained nanoparticles had the average 
diameter of 21 nm (in the case of hydrothermal synthesis) and 9 nm (in the case 
of solvothermal synthesis). In both cases, the nanoparticles were spherical. Cotton 
and wool fabrics were conditioned and added to a 2-propanol dispersion of ZnO 
nanoparticles, dried and washed. The UV absorbing properties were tested by 
means of UV spectroscopy, UFP and UV transmittance. Untreated cotton does 
not absorb UV radiation, while the untreated wool absorbs in the 200–300 nm 
region. The application of ZnO nanoparticles on both cotton and wool increased the 
absorption of UV radiations over the entire investigated UV spectrum, with better 
results for the ZnO NPs obtained in the solvothermal synthesis, with smaller size.

ZnO based photocatalysts have been in the spotlight of research in the recent 
years because of their benefits such as low cost and high quantum efficiency. ZnO 
was found to decompose organic pollutants, for example dyes like Crystal Violet, 
Methylene Blue, Orange G or Methyl Orange at a faster rate compared to Degussa 
P25 (TiO2 classic photocatalyst) under UV–visible light, indicating that the photo-
sensitization of ZnO by dyes favored the visible light response with an enhanced 
charge carrier separation. Also, the discoloration of Methyl Orange was found to be 
greater for ZnO NP with smaller particle size [41].

3.4 Anticorrosion properties

ZnO was considered for many industrial applications due to its ability to act as 
anticorrosive protection for many metals. Superhydrophobic fluorinated polysilox-
ane-ZnO nanocomposite with corrosion resistance was developed [42] as multi-
functional coating for metallic surfaces. The ZnO particles dissolved in butylacetate 
were vigorously stirred, followed by addition of stearic acid, washed and dried. 
Modified ZnO powder was added to an aqueous fluorinated α,ω-bis(hydrogen)-
terminated poly (dimethylsiloxane) (FPDHS) dispersion and mixed in order to 
obtain the final nanocomposite (ZnO/FPDHS) which was deposited onto steel sub-
strates. The water contact angle WCA of the nanocomposite was 166o. Polarization 
curves of the bare steel, FPDHS coating, modified ZnO coating and modified-ZnO/
FPDHS coating were measured in % NaCl aqueous solution. It can be seen that the 
FPDHS coating shows better corrosion resistance than the bare steel, owing to its 
lower corrosion current density and corrosion rate. As expected, the modified-ZnO/
FPDHS exhibits the lowest corrosion rate.

Despite the fact that ZnO NPs show spectacular properties, such as extended 
antibacterial activity on most species of microorganisms, ability to protect against 
corrosion, photocatalytic and UV blocking activities, they have been designed and 
tested in most cases for industrial uses. Exploitation of these properties of ZnO 
NPs in the protection of cultural heritage requires a deep knowledge of the rigors of 
this field and the adaptation of the novel nanomaterials to be compatible with the 
original materials of historical objects.

4. Application of ZnO nanoparticles in cultural heritage preservation

Cultural heritage monuments, although unanimously considered invaluable 
values of humanity, still in present days are exposed to various stress factors. Many 
of them cannot always be avoided and that inevitably result in the degradation and 
destruction of historic buildings or art objects. Thus, the development of novel tech-
niques and materials with improved efficiency, that can be used in the cleaning and 
consolidation of art objects, is a very important issue in preventive conservation.
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Due to their exceptional properties, ZnO nanoparticles are considered useful 
tools for development of multifunctional coatings with antibacterial, superhydor-
phobic, UV blocking, self-cleaning and anticorrosion properties. In the last decade, 
hybrid materials with ZnO nanoparticles embedded in various matrix have been 
used in conservation of historic buildings, paper artifact, textiles, etc.

4.1 ZnO nanoparticles - based composite materials in conservation of paper

Historic documents on paper are very sensitive, especially if they are kept in 
improper conditions, in spaces with high humidity, which favors the microbial 
attack. In addition, for documents with chromatic decorations or various types of 
ink, the pigments are subjected to a process of accentuated degradation under the 
conditions of lighting with strong UV radiation. The cellulose support itself can 
be damaged, with changes in strength and integrity due to prolonged exposure to 
sunlight, due to the action of UVA and UVB components. Jia et al. [43] propose a 
coating material for paper artifacts based on nanocellulose and ZnO nanoparticles. 
Hydroxypropyl cellulose (Klucel) was chosen because it is widely used in consoli-
dating collections of documents, due to its very good compatibility with cellulose 
substrate. The ZnO nanoparticles were synthesized based on a facile hydrothermal 
reaction and obtained nanopowder was suspended in isopropanol together with 
pure nanocellulose to form a stabile dispersion. The treatment was applied on paper 
sample (Chinese newspaper from 1960) and proved to be efficient as antifungal 
agent against Aspergillus niger, Aspergillus versicolor and Rhizopus nigricans, 
common fungi that can be found in archives. Unexpectedly, the results obtained 
in this paper suggest similar antifungal activity regardless of the size of zinc oxide 
nanoparticles. The antibacterial and antifungal activity is dose dependent, the 
increase of ZnO concentration lead to an enhanced effect, but the composition 
should be adjust in order to not produce changes in visual appearance of the paper. 
In the study an optimal concentration of 0.55 g of ZnO nanoparticles in 100 mL 
Klucel solution is reported to inhibit the proliferation of fungi on treated samples 
without any visual effect on the paper.

The ability of ZnO nanopowders to absorb efficiently UV radiation has been 
exploited in recent decades for the production of industrial coatings for surfaces 
frequently exposed to sunlight or artificial light. Similar materials have been tested 
for the preventive conservation of historic paper artifacts, in order to protect them 
from the effect of prolonged lighting [44]. Functional coatings have been pre-
pared from ZnO nanoparticles with average diameter 150 nm dispersed in ethanol 
(0.2 g% concentration) or ZnO NPs disperded in hydroxypropyl cellulose (Klucel) 
ethanolic solution, and deposited on the paper surface by a simple spraying pro-
cedure. Model paper artifacts, prepared by coloring samples with Alizarin using 
traditional techniques, were used to prove the protective effect of ZnO coating 
against dye degradation under UV exposure. Samples of untreated colored paper, 
paper coated with Klucel, paper coated with ZnO and paper treated with ZnO NPs 
in Klucel solution were subjected to irradiation with UV lamp (λ 270 nm, 30 W). 
Color fading (expressed as % of Alizarin absorbance reduction) after 120 minutes 
of exposure was 19% in the case of the paper treated with the nanocomposite ZnO 
NPs in Klucel, significantly lower compared to values obtained for untreated paper 
and paper treated with Klucel (34% and 31%, respectively). The coating with ZnO 
NPs in Hydroxipropyl cellulose (Klucel) deposited on sample of old paper possesses 
a high degree of transparency, thus produces no changes in color or gloss of the 
document (Figure 3).

The ability of nanoparticle –based coatings with ZnO and Ag to inhibit the 
growth of microorganism on the historic document was tested on strains isolated 
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from a 1677 A.D. manuscript named “Serh Senk Adlky Geld Badr”(“The biog-
raphy of prophet Mohamed, Peace be upon him”) deposited in Al-Azhar library, 
Cairo, Egypt [45]. Both Ag and ZnO NPs applied as treatment have been prepared 
using eco-friendly methods, biosynthesis mediated by endophytic fungal strain 
Penicillium chrysogenum and Fusarium keratoplasticum. The growth inhibition per-
centage of main strains identified on the studied documents (Bacillus subtilis and 
Penicillium chrysogenum) inoculated on model filter paper previously treated with 
Ag and ZnO NPs show very good performance. After 21 days, both Ag and ZnO 
NPs at low concentration of 1 M inhibit completely the development of B. subtilis 
colonies, while the P. chrysogenum were more resistant with an inhibition percentage 
of 59.9 produced by Ag and 51.9 by ZnO nanoparticles at the same concentration.

4.2 ZnO nanoparticles-based materials for the protection of stone heritage

Another interesting application of ZnO nanoparticles in development of 
functional coatings is devoted to consolidation and protective treatment of stone 
monuments or statues. An important number of heritage buildings are made from 
calcareous stone, very sensitive to the degradation by mineral transformation 
as a results of environmental stressors (temperature variation, humidity, rain, 
solar radiation, etc). Synergistic destruction effect occurs when the monument is 
exposed to microorganisms and their metabolic products. Many different micro-
organisms, such as algae, cyanobacteria, yeast, fungi, and lichens could colonize 
the surface or inner pores of stone, and their presence is a particular threat for 
monuments located in tropical climate, due to the high temperature and humidity 
conditions that favors microbial growth. The same antimicrobial and UV blocking 
properties of ZnO are used, in order to inhibit the colonization of stone surface 
with microorganism and to prevent the photo-oxidation of decoration due to the 

Figure 3. 
The visual aspect of old paper sample untreated (upper) and coated with nanocomposite ZnO NPs –Klucel 
(bottom) [44].
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exposure to radiation. In addition, the ability of ZnO nanoparticles embedded in 
filmogenic matrices to produce suitable roughness leads to obtaining superhydro-
phobic coatings.

Fernandez et al. [46] reported the photocatalytic and antifungal properties 
of ZnO nanoparticles compared to MgO and Zn doped MgO NPs. Zinc doped 
nanoparticles exhibits the best performances both in photocatalytic destruction of 
methylene blue and in antimicrobial efficiency against many fungal species which 
produce stone deterioration, such A. niger, P. oxalicum and P. maculans.

Fungal infection is also responsible for biodeterioration of marble columns, 
thus ZnO antimicrobial properties recommend it for protective treatment of such 
monuments. Aldosari et al. [47] proposed a simple material obtained by dispersing 
commercial ZnO nanoparticles in acrylic polymer as a multifunctional biocidal 
and consolidating coating. The novel nanocomposite coating was applied to marble 
samples collected from various archeological sites in Egypt. The contact angle of 
water is enhanced from 1120 on plain marble to 1250 on marble treated with poly-
meric solution, and to a significantly higher value (1400) in the case of treatment 
with ZnO-polymer nanocomposite. The color variation of marble sample subjected 
to various aging procedure prove the efficient protection of the treatment with ZnO 
NPs against UV exposure, together with minimal or no changes in optical proper-
ties following the coating.

Combination of ZnO nanorods and graphene nanoplatelets was proposed by 
Schifano et al. [48] as coating protective material for the prevention of biodete-
rioration produced by two bacteria (Arthrobacter aurescens and Achromobacter 
spanius) isolated from the Temple of Concordia (Agrigento’s Valley of the Temples 
in Sicily, Italy). Three different materials Noto stone, Carrara marble and yellow 
bricks were tested as model lithic materials. The ZnO nanorods exhibit a high 
efficiency in reduction of bacterial growth for all strains (2% cell viability), at 
concentration ranging from 10 to 100 μg/mL. An unexpected result was obtain in 
antibiofilm properties tests. The biofilm formation on the samples treated with ZnO 
nanorods at concentration of 125 μg/mL was investigated. The ZnO nanomaterial is 
able to inhibit the adhesion of A. aurescens TC4 and A. spanius TC7 species on glass 
and plastic, while an effect of stimulation of biofilm formation was found for A. 
spanius TC1. Addition of graphene nanoplates to ZnO nanorods results in enhance-
ment of the antibacterial activity and lead to biofilm inhibition also in the case of A. 
spanius TC1 strains.

One of the few cases of application of ZnO NPs coatings on real monuments is 
reported by van der Welf et al. [49]. Coating materials were prepared by mixing 
ZnO and Cu NPs with water-repellant or consolidant products commonly used 
in consolidation/restoration of historic stone monuments: Estel1000, Estel1100, 
and Silo111. This ready-to-use materials are based on siloxane oligomers (Silo111), 
tetraethoxysilane (Estel1000) and a combination of tetraethoxysilane and silox-
ane oligomers (Estel1100). Since the laboratory tests on similar calcareous stones 
from south Italy show that the treatment with 0.5w% ZnO NPs in commercial 
consolidant products Estel and Silo produced negligible changes in stone color 
and successfully inhibit the growth of A. niger fungal strains, in situ experiments 
were performed on an external area of the 12th-century church of San Leonardo di 
Siponto, Manfredonia, Italy (Figure 4).

As it is expected, the visual aspect after the application of ZnO –based nano-
composites is less modified compared to the use of Cu-NPs embedded in Estel1100 
and Silo111. Chromatic variations produced by ZnO NPs were found to be below 
limit values after 6 months of application, and the biological colonization was 
reduced.
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4.3 ZnO nanoparticles-based material for painting protection

Materials with ZnO NPs have also proven effective in protecting paper artifacts 
decorated with oil painting. El-Feky et al. [50] reported a simple transparent coat-
ing for protection of oil paintings on paper against dirt accumulation, UV aging and 
fungal attack.

ZnO NPs prepared by a simple hydrothermal method, with size ranging from 
122 to 286 nm were dispersed at 2% concentration in a commercial varnish to obtain 
the coating material.

The effect on the protecting dyes against UV radiation exposure, microbial 
colonization and dirt was tested using Fabriano paper sheets painted with linseed 
oil-based colors.

The dyes tested were famous coloring materials used in different period: 
vermilion (mercuric sulfide) for red color, yellow ochre (iron oxide) for yellow 
color and ultramarine blue. The painted paper samples were varnished using a 
commercial acrylic varnish with or without ZnO nanoparticles. The presence of 
ZnO NPs in varnish coating drastically reduced the deposition of dirt during the 
6 month period of exposure, compared to unprotected or simply varnished colored 
paper (Figure 5). The cleaning procedure using a soft brush very easy for the areas 
protected with the varnish containing ZnO nanoparticles. The ZnO-based varnish 
proved to be effective to reduce the UV aging of oil painted paper, in particular for 
ultramarine blue, which is the most sensitive color.

4.4 ZnO nanoparticles-based material for metal conservation

Corrosion is a process that severely affects all types of industrial construction, 
thus reducing its effects is still a major problem, even for advanced materials used 
in the aeronautical industry, in electrical components, ships used in maritime 
transport, oil pipelines, etc. Significant efforts have been made in nanomaterial 
research to develop nanoparticle-based coatings with increased efficiency in metal 
protection. Zinc oxide NPs have proven to be a low cost choice, easy to synthesize 
and process into film-forming materials, and highly effective as an anticorrosive 
treatment for many types of metals.

Figure 4. 
Test area on the exterior of the san Leonardo di Siponto church (Manfredonia, Italy) (left). Effect of ZnO NPs 
treatment (right): A1 untreated area; A2 cleaned area; B1 cleaned area treated with Silo111; B2 cleaned area 
treated with Estel1100; C1 cleaned area treated with Silo111/ZnO-NPs; C2 cleaned area treated with Estel1100/
ZnO-NPs; D1 cleaned area treated with Silo111/Cu-NPs; D2 cleaned area treated with Estel1100/Cu-NPs [49].
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Composite materials consisting in ZnO NPs in various polymeric matrices 
exhibit superior performance from the point of view of corrosion resistance, since 
the presence of nanoparticles improve the properties of simple coatings in two 
aspects. The first effect is the enhancement of the barrier performance of the poly-
meric coating in the presence of ZnO nanopowder as filler, and the other one is the 
active anticorrosion action of ZnO material itself. Zinc oxide was extensively used in 
coating due to this active mechanism of corrosion inhibition, based to the possibility 
to slowly release Zn2+ cations through the solubility in water. Zinc ions react with 
hydroxyl groups on the metal surface (OH groups are present at cathodic corrosion 
sites on metals), with the formation of a protective layer preventing further reaction 
with the Fe2+ ions. Nanocoatings with various metal oxide nanoparticles (Al2O3, 
Fe2O3 and ZnO) at different concentrations in epoxy polymeric films were recently 
reported [51]. The performances in corrosion protection of carbon steel samples 
were tested, and the Bose plots show that even at low content of nanofiller in the 
polymeric matrix (i.e. 1 wt.%) the corrosion resistance of the film deposited on 
metal is significantly higher compared to plain epoxy treatment. At low concentra-
tions of nanoparticles in the composite (1 wt.%) coating parameters expressed as 
coating resistance and non-ideal coating capacitance show similar values for all 
Al2O3, Fe2O3 and ZnO nanoparticles. Large differences are recorded at concentra-
tions of 3 wt.%, where Al2O nanoparticles prove to be more efficient than the others.

This type of coating, with low ZnO NPs content, could provide a solution as 
preventive anti-corrosion treatment for heritage buildings with steel elements, for 
example old skyscrapers in the historic New York City area or industrial heritage 
buildings in Manchester, England.

Purcar et al. [52] studied the influence of the silane derivative on the mor-
phological, optical and wettability properties of hybrid nanomaterials based on 
ZnO nanoparticles. Organo-modified silane derivative (3-glycidyloxypropyl) 
trimethoxysilane (GPTMS), phenyl triethoxysilane (PhTES), octyltriethoxysilane 
(OTES), and octadecyltriethoxysilane (ODTES) have been used for the synthesis of 
coatings. The hybrid materials deposited on glass and metal leads to the formation 
of highly hydrophobic surfaces, with water contact angle up to 1420. The hybrid 
coatings deposited on metallic coupons of Al, Cu and Fe exhibit good anticorrosion 
efficiency (unpublished data), in particular for the materials with octyltriethoxysi-
lane (OTES), and octadecyltriethoxysilane (ODTES).

Figure 5. 
Optical images of colored paintings after being left in open air for 6 months (left) and after cleaning with a 
brush and a dry piece of cotton (right). Area A: Painted with color + varnish + ZnO nanoparticles; area B: 
Painted with color + varnish; area C: Painted with color [50].
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Despite the efforts made for the introduction of nanomaterials in the conserva-
tion of metallic heritage objects, nanoparticle – based treatments have failed to 
replace the classic solutions for anticorrosive protection [53]. Since the capability of 
nanocoatings, such as ZnO nanohybrids described above have been demonstrated in 
various cases on different metal alloy, with various organic or inorganic compatible 
matrices, further research is needed in order to develop and test materials designed 
for cultural heritage use.

4.5 ZnO nanoparticles-based material for textile conservation

The functionalization of textiles with coatings with various compositions, in 
order to ensure their antibacterial, anti-soiling and superhydrophobic properties 
is currently a trend in the modern textile industry. ZnO NP-based coatings are 
intensively studied and remarkable progress is reported for modification of various 
types of fabrics, from natural such as wool, cotton to synthetic ones [54].

As regarding the use of nanocoatings for the conservation of metal artifacts, 
case studies reporting the application of nanomaterials for the treatment of historic 
textiles are very rare.

In particular, the role of the prevention of the biological contamination of textile 
cultural heritage is to be taken into account. One of the very common causes of the 
damage of art and historical objects on textile support is the biodegradation pro-
duced by various microorganisms [55]. Although the antimicrobial and antifungal 
efficiency has been proven on a wide variety of microorganisms, in papers dealing 
with the application of functionalized fabrics for clothing or garments, no studies 
have been published on possibilities to use ZnO properties to inhibit the growth of 
specific fungi found on historic textiles under inadequate storage conditions.

The effect of ZnO nanoparticles on the fabrication of natural batik with antibac-
terial properties is reported by Eskany et al. [56]. Batik is a traditional Indonesian 
cloth, included since 2009 as part of Intangible Cultural Heritage of Humanity. 
The term batik refers to an artifact produced in a specific manner of coloring with 
natural dyes and wax the textile fabric, in order to obtain desired patterns. The most 
used support is cotton, which turns in a major disadvantage due to the overgrown 
with bacteria. ZnO NPs dispersions (1–2% concentration) have been applied on 
cotton textile samples before or after batik process, by using a common pad-dry-
cure method. The antibacterial effect was tested on Gram-positive bacteria S. aureus 
and Gram-negative bacteria E. coli, with better results when ZnO was applied after 
the batik process. The ZnO treated batik cloth show good resistance to the microbial 
attack, together with an improvement of the quality of coloring.

5. Conclusions

Nanotechnology offers numerous solutions with increased efficiency both in 
cleaning and consolidation of artistic and historic artifacts, from microemulsion 
and gels to nanoparticles and nanocomposites. While other nanoparticles, such as 
silica or Ca(OH)2 ones are already used in the protection of cultural heritage monu-
ments, even they are not routine treatments, ZnO NPs still not gain their place in 
the practice of restoration of art works.

The fabrication of ZnO nanopowders for various industrial applications leads to 
the development of many methods, as they are summarized in this chapter. A large 
variety of size and morphology of the ZnO material could be obtained, resulting in 
variation of optical, electrical, photocatalytic and antimicrobial properties. In par-
ticular, UV blocking and antibacterial and antifungal activity of ZnO nanoparticles 
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were discussed, since such properties could be employed in protection of the 
cultural objects against the main stress factors that induce degradation processes. 
The antimicrobial and antibiofilm activity of ZnO NPs against fungal and bacterial 
strains isolated from various archeological and historical sites have been proved, in 
addition to minor changes produced on visual aspect of the treated samples. The 
inhibition of microorganism growth was effective on various substrates (stones, 
marble, paper, textiles), thus the protective coatings containing ZnO NPs could be 
produced in a customable manner to fit many cultural heritage objectives.

One of the major barrier in extend the acceptability of ZnO-based treatments is 
the public concern on the environmental impact due to the release of the nanopar-
ticles from the nanomaterials used in conservation/restoration procedure at large 
scale applied on monuments. Further research are needed to tailor the ZnO NPs 
to increase the efficiency and compatibility with the historic material, but also to 
assess their ecotoxicological long-term effect.
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Chapter 7

Deposition of Silver Nanoparticles 
on Indium Tin Oxide Substrates 
by Plasma-Assisted Hot-Filament 
Evaporation
Abtisam Hasan Hamood Al-Masoodi, Boon Tong Goh, 
Ahmed H.H. Al-Masoodi and Wan Haliza Binti Abd Majid

Abstract

Nanoparticles of noble metals have unique properties including large surface 
energies, surface plasmon excitation, quantum confinement effect, and high 
electron accumulation. Among these nanoparticles, silver (Ag) nanoparticles have 
strong responses in visible light region due to its high plasmon excitation. These 
unique properties depend on the size, shape, interparticle separation and sur-
rounded medium of Ag nanoparticles. Indium tin oxide (ITO) is widely used as an 
electrode for flat panel devices in such as electronic, optoelectronic and sensing 
applications. Nowadays, Ag nanoparticles were deposited on ITO to improve their 
optical and electrical properties. Plasma-assisted hot-filament evaporation (PAHFE) 
technique produced high-density of crystalline Ag nanoparticles with controlling in 
the size and distribution on ITO surface. In this chapter, we will discuss about the 
PAHFE technique for the deposition of Ag nanoparticles on ITO and influences of 
the experimental parameters on the physical and optical properties, and electronic 
structure of the deposited Ag nanoparticles on ITO.

Keywords: silver nanoparticles, plasma-assisted hot-filament evaporation, 
properties, indium tin oxide, electronic structure

1. Introduction

Noble metallic nanoparticles, which are described as metals in the nanoscale 
with dimensions within size range from 1 to 100 nm, recently received significant 
attention in optoelectronic, biosensing and photocatalysts applications [1–4]. 
This is due to their unique properties compared to the bulk materials such as large 
surface energies, surface plasmon excitation, quantum confinement effect, and 
high electron accumulation. The bulk material has constant physical properties 
regardless of their size and shape, however, these properties of the nanoparticles are 
a function of their size, shape, distribution and surrounded medium. Among these 
nanoparticles, silver (Ag) nanoparticles have particularly strong responses in the 
visible light region due to its high plasmon excitation at threshold energy of around 
3.9 eV (318 nm). A specific phenomenon of the nanoparticles is localized surface 
plasmon resonance (LSPR) which results from the collective oscillations of the free 
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electrons on the metallic nanoparticle surfaces. Thus, the LSPR of Ag nanoparticles 
can be tuned to any wavelength in the visible light region. This is a highly desirable 
characteristic enabling the usage of Ag nanoparticles in optoelectronic devices 
mainly in solar cell and light emitting diode devices [5, 6]. The LSPR wavelength 
position can be tuned by varying the size, shape, particle spacing and compositions 
of the nanoparticles as well as a surrounding environment such as an insulating 
surface or presence of a dielectric layer [7]. Oxide layer can be form around the 
nanoparticles and acts as dielectric substances leading to formation of metal–metal 
oxide core-shell nanoparticles. These core-shell nanoparticles have been reported 
to produce wide SPR bands compered to pure metallic nanoparticle [8, 9]. Thus, the 
wide range of the LSPR existing through the metal oxide layer could be better than 
increasing in the nanoparticles size that may significantly lead to reduction in light 
scattering. On the other hand, indium tin oxide (ITO) is a transparent conducting 
oxide that has high transparency in visible light regions, low sheet resistance, and 
high work function. Moreover, ITO is widely used as anode material for optoelec-
tronic devices as a hole injection layer in the devices [10, 11]. Thus, deposition of Ag 
nanoparticles layer on ITO suggests a feasible approach to enhance the flexibility, 
luminescent efficiency, electrical conductivity, and adhesion to device layers.

Ag nanoparticles layer are widely synthesized using evaporation-condensation, 
electron beam irradiation, and radio frequency plasma-assisted thermal evapora-
tion, which show a good surface adhesion with the dielectric surface [12–14]. 
However, these physical deposition methods generally involve complicated struc-
tures, surface treatments, and high reaction temperatures up to several thousand 
°C in a plasma jet and 400°C for thermal annealing purposes [13, 15, 16]. The high 
reaction temperatures usually lead to the destruction of the device layers during the 
deposition process [13, 15, 16]. This issue can be avoided using thermal evaporation 
by hot-filament, as it provides a rapid evaporation of metallic nanoparticles source 
in high purity and the most important is it involving low substrate temperatures 
(usually below 400°C) [17, 18]. Moreover, plasma-driven deposition controls the 
transportation and deposition of the evaporated metallic adatoms, which directly 
leads to better size and uniformity of the deposition [19]. Nevertheless, pre-plasma 
treatment on the substrate surface proved to be more effective in removing organic 
contaminations that impede the particle mobility on the deposited surface [20, 21]. 
Thus, plasma-assisted hot filament evaporation technique is expected to deposi-
tion of Ag nanoparticles layer in uniform size and distribution at low substrate 
temperatures.

2. Plasma-assisted hot-filament evaporation

Evaporation is a common method for deposition of thin film from their source 
materials in a vacuum as a physical vapor deposition (PVD) technique. The source 
materials are evaporated using evaporation source such as metal boat or coiled 
wire. Tungsten is a metal and has very high melting temperature about 3422°C. A 
tungsten wire can be coiled to form spiral shape for using as a hot-filament. This 
hot-filament is preferred to use for deposition very thin film compared to a tung-
sten boat. However, the deposition rate of the thin film on substrates using PVD 
technique is very low. Other common technique, chemical vapor deposition (CVD) 
is a technique for deposition nanostructured thin film on substrates with very high 
temperature using precursor gases [22]. Insertion of hot-filament in to the CVD 
technique helps to deposit nanocrystalline of nanostructured thin film at lower 
substrate temperature as hot-filament chemical vapor deposition (HFCVD) tech-
nique [18, 23–27]. The HFCVD process employs the heated filament to decompose 
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the precursor species and deposit nanostructured film on the substrate. On other 
hand, plasma can include electron, ions, free radicals, photons and neutrals that can 
generate reactive chemical species for enhancing the thin film deposition. The most 
recent technique was used is plasma-enhanced chemical vapor deposition (PECVD) 
[28–31]. However, PECVD requires a long time deposition and produces non-purity 
thin film with existence of toxic and explosive gases in plasma stream [32]. To avoid 
the existence of the toxic gases and contamination on the film, hydrogen plasma is 
used to remove the contaminations and provide purity thin film deposition without 
any toxic gases production. Therefore, hybrid of hot-filament with hydrogen plasma 
as plasma-assisted hot-filament evaporation (PAHFE) is a promise technique for 
deposition of purity metal nanoparticles layer on the substrate at low substrate 
temperature. Thus, the features of this technique are: (1) control of particle size, 
shape and interparticle separation, (2) enhancement of the nanoparticles crystal-
lity, (3) stabilization in the physical and structure properties, (4) high deposition 
rate, (5) production of purity nanoparticles, (6) avoid particles aggregation, (7) low 
substrate temperature, and (8) fast deposition rate.

2.1 Structure of PAHFE

Figure 1(a) shows the real picture of the PAHFE system. The PAHFE consists to 
three main parts; reaction chamber, vacuum pumping system and supply units. The 
schematic diagram of the home-built of the reaction chamber is shown in Figure 1(b). 
A radio frequency (RF) electrode was used as a plasma generation source. The tung-
sten wire with a diameter of 1 mm can be coiled to approximately 30 coils, generating 
coils with a diameter of 2 mm and length of 3 cm. This formed a tungsten coil filament 
as the hot-filament which the Ag source (Ag wire) was hanged on the filament coils 
for evaporation purpose. This hot-filament was placed below the RF electrode at a dis-
tance of 2 cm. Two copper electrodes were used to hang the tungsten wire, as shown in 
Figure 1(b). Substrates which the nanoparticles deposited on were put on a substrate 
holder. The substrate holder was placed below the filament at a distance of 10 cm. 
After that, the substrates can be heated using a heater rod inserted into the substrate 

Figure 1. 
(a) Real picture of PAHFE system. (b) Schematic diagram of the home-built PAHFE chamber [33].
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holder for achieving a desired substrate temperature. A thermocouple was used to 
measure the substrate temperature and connected to a temperature controller. Finally, 
in order to control the evaporation time, a shutter was placed between the filament and 
substrate holder. There are four supply units for PAHFE technique. RF power supply 
of 13.56 MHz was connected to the RF electrode by a matching impedance for plasma 
generation in the reaction chamber. Filament heating power supply is used for heating 
the filament to a desired temperature in purpose of Ag wire evaporation. The two cop-
per electrodes were connected to the filament heating power supply. Substrate heating 
power supply was connected to the heater rod to heat the substrate for achieving a 
particular substrate temperature. Finally, a hydrogen gas was supplied to the reaction 
chamber through ¼ inch SS tube and ball valve. The gas flow is precisely controlled by 
a mass flow-controller. Furthermore, the vacuum pumping system is used to evacuate 
the reaction chamber before and after deposition processes, and control the pressure  
as well.

2.2 Processes of PAHFE

Before placing the substrates inside the chamber, the substrates were put inside 
a beaker including Decon 90 diluted in deionized water to clean using ultrasound 
at 60°C for 60 minutes. Then, rinsing the substrates was sequentially done using 
deionized water, acetone and isopropyl alcohol. Finally, the clean substrates were 
dried using nitrogen gas. The Ag wire with a length of 2 mm and a diameter of 
0.5 mm (Ag wire weight of 4.2 ± 0.2 mg and purity of 99.9%) was placed inside 
the coiled part of the filament. After placing the substrates inside the chamber, the 
chamber was evacuated to minimum or lowest pressure of around 5 × 10−3 Pa, using 
turbomolecular pump. Then, the substrates were heated to the desired substrate 
temperature. Before the nanoparticles deposition, plasma cleaning process was 
done on the substrate surface and Ag wire using hydrogen plasma. The parameters 
of the plasma cleaning process were put at 6 W, 100 sccm, 75 Pa, and 10 minutes for 
the RF power, hydrogen flow-rate, pressure, and time, respectively. In general, the 
hydrogen plasma process is utilized to remove any surface contaminants including 
native oxide on the substrates. After the plasma cleaning, the filament temperature 
was slowly increased to reach to 1600°C under hydrogen plasma ambient condition. 
The heated filament under plasma has sufficient thermal energy to completely 
evaporate the Ag wire which has a melting point of about 961°C. The deposition 
was started by opening the shutter subsequent to the plasma cleaning process as 
plasma deposition process. The RF power, hydrogen flow-rate, pressure, and time 
were fixed at 6 W, 50 sccm, 41 Pa, and 3 minutes, respectively. Figure 2 shows the 

Figure 2. 
Scheme of the PAHFE processes.
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scheme of the PAHFE processes. The substrate temperature was varied between 
25°C and 250°C at 25°C, 80°C, 140°C, 200°C, and 250°C.

3. Salient features of the deposited Ag nanoparticles on ITO substrate

The properties of Ag material in the nanoparticles form are different from the 
Ag bulk material due to consisting of the nanoparticles from down to few atoms. 
Thus, these few atoms may dominate of the nanoparticles properties. Also, distri-
bution of the nanoparticles on a layer may strongly affect on their properties. This 
distribution of Ag nanoparticles on the layer depends on their size and interparticle 
separation. So, the nanoparticles could stand as a two-dimensional array to form Ag 
nanoparticles layer. Moreover, it is well-known LSPR characteristics of Ag nanopar-
ticles that have unique optical properties in all visible region. This LSPR of Ag 
nanoparticles strongly depends on the physical properties of the Ag nanoparticles 
layer. Furthermore, PAHFE technique can control the properties of Ag nanopar-
ticles layer by variation in growth parameters. Thus, the changing in these proper-
ties of the nanoparticles layer via the growth parameters is discussed, as mentioned 
below.

3.1 Morphological properties

The surface morphology including size, shape and distribution of Ag nanopar-
ticles on the ITO/glass substrates, which can be obtained using field emission 
scanning electron microscopy (FESEM), varies with variation of the experimental 
parameters such as growth environment and substrate temperatures. FESEM 
images of the deposited Ag nanoparticles on ITO substrates at substrate tempera-
ture of 25°C without and with using plasma conditions during the deposition 
processes are presented in Figure 3(a and b). These nanoparticles showed spheri-
cal shape in both conditions, and inconsistency size and interparticle separation 
distributions at no plasma condition compared with using plasma, as shown in 

Figure 3. 
(a and b) FESEM images, (c and d) histograms of diameter, and (e and f) histograms of interparticle 
separation of Ag nanoparticles deposited on ITO/glass substrates without and with using plasma at room 
temperature of the substrate temperature. The black solid lines in the histograms are the fitting Gaussian curves, 
and the nanoparticle density in NPs/μm2 and the mean diameters or interparticle separations (M) with 
standard deviation (SD) values are inserted in each sub-figure.



Thin Films

114

Figure 3(c–f ). Density of the nanoparticles at with plasma condition is about 1262 
nanoparticles/μm2 and showed higher than the density at without plasma condition 
(555 nanoparticles/μm2). Thus, the combination of the hot-filament temperature 
and hydrogen ion plasma during the deposition assists to facilitate the growth 
of high density of Ag nanoparticles in uniform size and interparticle spacing. 
Moreover, the hot-filament temperature of 1600°C provided the evaporated Ag 
adatoms kinetic energy at low deposition pressure of 41 Pa. This thermal induced 
kinetic energy is sufficient to diffuse the Ag adatoms on the ITO surface for fast-
forming of Ag nanoparticles at room temperature [34].

For variation in the substrate temperatures of 80, 140, 200 and 250°C with 
using plasma during the cleaning and deposition processes, the FESEM images of 
the deposited Ag nanoparticles on ITO substrates are presented in Figure 4(a–d). 
In the substrate temperatures up to 140°C, Ag nanoparticles appeared to be also in 
spherical shape with high consistency in size and distribution. Also, the nanopar-
ticles size increases with increasing in the temperature up to 140°C. This method is 
directly deposit the nanoparticles on surface in uniform size and interparticle sepa-
ration without any additional process such as annealing process. This is in contrast 

Figure 4. 
(a–d) FESEM images, (e–h) histograms of diameter, (i–l) histograms of interparticle separation of Ag 
nanoparticles deposited on ITO/glass substrates using plasma with different substrate temperatures of 80°C, 
140°C, 200°C, and 250°C, respectively. The black solid lines in the histograms are the fitting Gaussian curves, 
and the nanoparticle density in NPs/μm2 and the mean diameters or interparticle separations (M) with 
standard deviation (SD) values are inserted in each sub-figure.
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to the other nanoparticles formation methods obtained by other research studies 
which illustrated the nanoparticles formation of different sizes and interparticle 
separation as the temperature increased. Also, those methods required subsequent 
process of annealing temperature as an additional process that showed indirect 
deposition on the substrate surface [35–38]. Moreover, the substrate temperature 
provides sufficient surface mobility to the deposited Ag nanoparticles for diffusion 
into their growth sites and coalescing to form larger particles [39]. In addition, 
the ionized hydrogen radicals in the plasma deposition can transfer their kinetic 
energies to the ITO surface leading to increase the surface diffusion of Ag adatoms 
that enhances the uniform distribution of the deposited Ag nanoparticles on the 
ITO surface. Density of the deposited Ag nanoparticles decreases with increase in 
the substrate temperature, with the highest density of Ag nanoparticles obtained 
at 80°C compared to the room temperature (Figures 3(d) and 4(e)). This indicates 
that the substrate temperature of ITO/glass provides sufficient surface mobility 
for the Ag adatoms to form Ag nanoparticles with the highest density at 80°C. 
Moreover, the substrate temperature at 200°C and 250°C, the size of the nanopar-
ticles increased in a non-uniformity and an inconsistent interparticle distribution, 
as seen in Figure 4(c and d). The hydrogen plasma can etch out oxygen bonded to 
the ITO surface leading to formation of SnO and In2O3 particles at higher substrate 
temperatures more than the melting temperatures of In (156.6°C) and Sn (231.9°C). 
Then, the oxygen adatoms diffused to the Ag nanoparticles resulting in formation 
of Ag oxide layer [40]. These oxide layer and SnO and In2O3 particles appeared 
the nanoparticles in non-uniformity in the size and shape (Figure 4(c and d)). 
The area filling fraction is represented by the ratio of the nanoparticles area to the 
substrate area [41]. The calculated area filling fractions for the nanoparticles were 
20.79, 26.96, 32.35, and 34.65% at substrate temperatures of 80°C, 140°C, 200°C, 
and 250°C, respectively. The increase in the area filling fraction of Ag nanoparticles 
with decreasing in the density as the substrate temperature increases on ITO/glass 
substrate is due to the increase in the size with decrease in interparticle separation, 
as shown in Figure 4(e–l). Therefore, the physical properties of Ag nanoparticles 
on ITO substrates can be simply controlled by fine-tuning in the substrate tempera-
ture to below 200°C with using plasma during the growth processes.

3.2 Structural properties

The deposition of Ag nanoparticles on the oxide substrate under hydrogen 
plasma may affect on the composition of the nanoparticles. The nanoparticles 
structure can be recorded via X-ray diffraction (XRD) patterns. Figure 5 shows the 
XRD patterns of the Ag nanoparticles deposited on ITO/glass substrates at different 
substrate temperatures. ITO diffraction peaks are obviously presented in prepared 
sample at 25°C with diffraction peaks shown in Figure 5, according to JCPDS 
card no. 01-089-4596. These diffraction peaks of ITO significantly decrease with 
increasing in the temperature due to the plasma etching on the ITO surface. A small 
noticeable diffraction peak at 32.8°, which corresponds to the Ag2O crystalline plane 
of (111) according to JCPDS card no. 41-1104, appeared at all samples and increases 
with increasing in the temperature. An additional diffraction peak of Ag2O at 68.8° 
for the crystalline plane of (222) can be observed at temperatures above 200°C. 
Moreover, AgO diffraction peaks are also observed in the prepared samples at all 
substrate temperatures above 80°C. These diffraction peaks of AgO located at 39.4, 
56.88, and 67.3° correspond to the crystalline planes of (−202), (−113), and (−313), 
according to JCPDS card no. 022-0472. Moreover, very small diffraction peaks 
of metallic Ag appeared at 38.1 and 44.3° indicated to crystallographic planes of 
(111) and (200), respectively. The emergence of AgO and Ag2O peaks is due to the 



Thin Films

116

ejection of oxygen adatoms from the ITO surface by hydrogen etching in ambient 
plasma at higher substrate temperature leading to oxidation of the Ag nanoparticle 
surface. Thus, the Ag oxide is formed as a shell and the metallic Ag is as a core of the 
nanoparticles. The crystallite sizes of Ag2O are 4.04, 7.94, 13.19, 17.92 and 21.13 nm 
for different substrate temperatures of 25, 80, 140, 200 and 250°C, respectively, 
while the crystallite sizes of AgO appeared at 140, 200 and 250°C to be 7.29, 15.29 
and 22.45 nm, respectively. The increasing in the crystallite sizes of the Ag oxides is 
due to the increasing in the diffusion of oxygen adatoms into Ag nanoparticles dur-
ing the deposition processes. In addition, small diffraction peaks at 44.9 and 62.5° 
were obviously appeared at 250°C. These diffraction peaks belong to the crystalline 
planes of metallic Sn (according to JCPDS card no.00-004-0673 for crystalline 
plane of (211) and (112), respectively). These metallic Sn diffraction peaks indicate 
to the formation of Sn particles due to the hydrogen plasma etching effect at higher 
substrate temperature.

The chemical materials of the deposited Ag nanoparticles on ITO surface can 
be obtained by a wide scan of X-ray photoemission spectroscopy (XPS), as shown 
in Figure 6(a). The wide scan of XPS of the deposited Ag nanoparticles on ITO 
substrate exhibited the presence of ITO, Ag and carbon materials. The existence of 
the carbon material is attributed to adventitious carbon which is normally pres-
ent in all air-exposed materials. Thus, PAHFE technique is a suggested method 
to deposit pure Ag nanoparticles without any additional materials which usually 
exist during the synthesis process. The narrow-scan of Ag materials for different 
substrate temperatures is presented in Figure 6(b). The highest XPS peak was at 
80°C due to the highest density of the nanoparticles. Then, the XPS peaks decrease 
with the substrate temperature more than 80°C and disappeared at 200 and 250°C. 
This means that Ag nanoparticles diffuse away from the ITO surface at higher 
temperatures due to incorporation of SnO and In2O3 particles as shell layers onto 
the Ag nanoparticles. Li et al. have reported decreasing in the Ag content at heat-
treatment temperature above 300°C due to the diffusion of Ag nanoparticles away 

Figure 5. 
XRD patterns of Ag nanoparticles deposited on ITO/glass substrates at different substrate temperatures. The 
reference of bulk Ag is provided in the figure [33].
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from surface [42]. In Figure 6(c), the XPS peak of Ag 3d was deconvoluted into 
three components located at 368.2, 367.8, and 367 eV (Ag 3d5/2), corresponding to 
the Ag’s metallic state and the two oxidation states of AgO and Ag2O [43–45]. These 
Ag oxidation states caused by the formation of AgO and Ag2O attributed to the 
diffusion of surface oxide from the ITO substrate, forming a metallic oxide layer on 
the nanoparticles. The variations of relative integrated intensity for the Ag decon-
voluted components are plotted against substrate temperatures in Figure 6(d). The 
oxidation of Ag nanoparticles is maximal at the substrate temperature of 80°C, 
forming AgO and Ag2O shell layers on the nanoparticles and shows decreasing 
with increasing in the substrate temperature due to the covering by SnO and In2O3 
materials on the Ag nanoparticles as shell layers at higher temperatures.

3.3 Optical properties

Optical properties of Ag nanoparticles layer are dependent on their sizes and 
interparticle separations which are dependent on the experimental parameters. 
The optical absorbance and transmittance can be examined by UV–VIS–NIR 
spectrophotometer. Figure 7 showed the optical absorbance and transmittance 
of the deposited Ag nanoparticles on ITO substrates with using plasma and no 
plasma conditions at room temperature of the substrate temperature. The absor-
bance spectra showed one peak for deposited Ag nanoparticles with plasma and 
three peaks for no plasma condition. This means the deposited Ag nanoparticles at 
plasma condition appeared as isolated nanoparticles while at no plasma condition 

Figure 6. 
(a) Wide-scan and (b) Ag 3d narrow-scan of the XPS spectra for Ag nanoparticles deposited on ITO/glass 
substrates at different substrate temperatures. (c) Typical deconvoluted components to their binding energies 
of Ag 3d narrow-scan, and (d) variations of the respective deconvoluted components against the substrate 
temperature.
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exhibited a coupled nanoparticles for the two shorter wavelength with appearance 
larger particles for the third wavelength. The isolated Ag nanoparticles have larger 
interparticle separations than its diameter while the coupled nanoparticles have 
smaller interparticle separation than its diameter [46]. The LSPR peak of these iso-
lated Ag nanoparticles deposited with plasma condition showed wide spectrum and 
centred around 426 nm. However, the nanoparticles size is slightly less than 10 nm 
that leads to the sharp LSPR peak to be appeared around 400 nm [46]. These shift 
and wideness are due the formation of Ag oxide as a shell around Ag nanoparticles 
[8, 47]. Moreover, the intensity of spectrum for with plasma condition appeared 
higher than no plasma condition that means the deposition higher nanoparticles 
density at with plasma condition.

For the different substrate temperature with using plasma parameters, the 
optical absorbance and transmittance spectra of the deposited Ag nanoparticles on 
ITO substrates are depicted in Figure 8(a and b). The SPR peak located at 320 nm 
remains constant with the change in substrate temperature owing to the absorption 
coming from the ITO/glass substrate [48]. The SPR peak at 140°C showed slight 
blue shift with higher intensity compared to at 80°C of the substrate temperature. 
This slight blue shift is due to a reduction in the interparticle separation to diam-
eter ratio with increasing in the diameter, while the higher intensity belongs to 
higher area filling fractions for Ag nanoparticles [49]. The absorbance spectra at 
higher substrate temperature appeared interference fringes in the visible region 
due to coherent multiple reflections on the ITO surface. The appearance of these 
reflections comes from the ITO surface decomposition via hydrogen plasma with 
hot-filament at above 80°C leading to increase in the interference and absorption 
peaks of ITO with temperature. The transmission spectra show high transmittance 
at 80 and 140°C and very low at substrate temperature up to 200°C and 250°C. 
This low transmittance belong to increase in the nanoparticles size leading to larger 
scattering of light. The interference of ITO decomposition and absorption peaks of 
Ag nanoparticles were fitted by Gaussian fitting components as demonstrated in 
Figure 8(c). The appearance of two significant SPR peaks is due to the assembly of 
Ag nanoparticles as coupled nanoparticles.

The SPR peaks of the deposited Ag nanoparticles on ITO surface in different 
plasma deposition and Ag wire sizes are shown in Figure 9(a and b), respectively. 
The SPR peak increases with red shift for increasing in the plasma deposition of 
12, 18 and 24 W at room temperature of the substrate temperature, as presented 
in Figure 9(a). The high intensity refers to higher area filling fractions for the 

Figure 7. 
(a) Absorbance and (b) transmittance spectra of Ag nanoparticles deposited on ITO with plasma and no 
plasma conditions at room temperature of the substrate temperature.
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deposited Ag nanoparticles and the red shift belongs to increases in the nanopar-
ticles size for isolated nanoparticles at 12 and 18 W of plasma deposition. There is 
a small peak appeared in shorter wavelength at 24 W that means the appearance of 

Figure 8. 
(a) Absorbance and (b) transmittance spectra of Ag nanoparticles deposited on ITO with using plasma at 
different substrate temperatures. (c) Gaussian deconvolution of absorbance spectrum for Ag nanoparticles 
deposited on ITO/glass substrates at 140°C [33].
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the coupled nanoparticles at higher plasma deposition. For different Ag wire sizes 
shown in Figure 9(b), the absorbance peaks increase in the intensity with increas-
ing in the Ag wire sizes that belong to increasing in the area filling fractions for the 
deposited Ag nanoparticles by increasing in the nanoparticles size. The shorter peak 
showed slight red shift at 2 mm and blue shift at 3 mm of Ag wire size while the 
middle peak exhibited slight blue shift with appearance of a third peak at 3 mm of 
Ag wire size. These peaks resulted from the overlapping of the SPR of Ag nanopar-
ticles with the ITO interference due to the substrate temperature of 100°C, and the 
shifts refer to gradually decreasing in the interparticle separation to diameter ratios 
at 2 mm and 3 mm, respectively.

3.4 Electronic structure

The optical band gap for ITO with Ag nanoparticles prepared at 25, 80, 140, 
200, 250°C of substrate temperatures are about 4.131, 4.097, 4.076, 4.098 and 
4.134 eV, respectively [33]. The decreasing of the optical energy gap of the ITO with 
Ag nanoparticles compared to the determined band gap of the ITO around 4.153 eV 
is due to the small band gap of Ag2O and AgO about 1.46 and 1.7 eV, respectively 
[50, 51]. The small change in the optical band gap is due to the small area filling 
fraction of the nanoparticles on ITO surface. Moreover, the work function for ITO 
with Ag nanoparticles prepared at 25, 80, 140, 200, 250°C of substrate tempera-
tures are about 4.18, 3.97, 4.19, 4.29 and 3.26 eV, respectively. These work functions 
showed slightly lower than the pure ITO work function (4.72 eV) due to the work 
function of Ag polycrystalline of 4.26 eV [52]. Moreover, the slight reduction in the 
work function at 80°C is due to the increasing in the crystallite size of Ag2O, and the 
slight increment in the work functions at 140 and 200°C are due to the formation 
of AgO [53]. Furthermore, a reduction in work function to 3.26 eV was noticed in 
the ITO with Ag nanoparticles prepared at substrate temperature of 250°C. This 
reduction is due to the decomposition of ITO at higher temperature resulting in the 
formation of ITO nanoparticles, which have been reported its work function lower 
than work function of the bulk material (~3.8 eV) [54]. In addition, it is known that 
the work function is the energy difference between the Fermi level and the vacuum 
level, and increasing in the work function leads to improvement in electronic 
conductivity [55]. However, the Ag oxide leads to loss of electrons compared to the 
metallic Ag due to the reduction in the Fermi level edge [53]. Figure 10 shows the 
energy levels diagram of pure ITO and ITO with Ag nanoparticles. The increasing 
in the energy difference of ITO with Ag nanoparticles compared to pure ITO has 

Figure 9. 
Absorbance spectra of Ag nanoparticles deposited on ITO surface at (a) different plasma deposition at 25°C, 
and (b) different Ag wire size at 100°C.
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been reported to be null due to an increasing in quantity of free electrons in the 
Fermi level [33].

3.5 Electrical properties

The distribution of small size of Ag nanoparticles on a layer does not conduct 
electricity efficiently. However, deposition of these nanoparticles on conducting 
layer (ITO) may affect on the surface conductivity of the conducting layer. The 
sheet resistances of ITO surface with Ag nanoparticles prepared with using plasma 
at different substrate temperatures of 25, 80, 140, 200, 250°C are about 7.75, 7.45, 
8, 8.87 and 16.91 Ohm/square, respectively [33]. At the substrate temperature 
below 200°C, there is no significant effect in the sheet resistances of ITO with Ag 
nanoparticles and pure ITO (7.68 Ohm/square). However, the sheet resistance of 
ITO with Ag nanoparticles showed increasing at substrate temperature of 250°C. 
This increment in the sheet resistance have been reported for ITO particles with 
thickness of approximately 20 μm to be about 15 ± 5 Ohm/square [56]. Moreover, 
the resistance sensitivities of AgO and Ag2O have been reported to be about 50 and 
12.5 Ohm.m, respectively [57–59]. Thus, the increasing in the Ag oxidation and the 
formation of In2O3 and SnO particles lead to change in sheet resistance for ITO with 
Ag nanoparticles at 250°C resulting in increasing in the contact resistance between 
the Ag nanoparticles and ITO.

4. Growth mechanism

The formation of Ag nanoparticles at different substrate temperatures using 
PAHFE technique was sequentially clarified in two processes, plasma cleaning and 
plasma deposition. For the plasma cleaning, a high energetic hydrogen ions as a 

Figure 10. 
Energy level diagrams of Ag nanoparticles deposited on ITO/glass substrates at different substrate temperatures 
and blank ITO substrate, respectively. The valence band energy EVB, Fermi energy EF, conduction band energy 
ECB, electron affinity EA, and vacuum level energy EVac are indicated in the figure [33].
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hydrogen plasma was run for 10 minutes. This hydrogen plasma acts to remove the 
oxide contaminations from the ITO and Ag wires surfaces as well as activate the 
substrate surfaces [60, 61]. After the plasma cleaning, high density of remaining 
surface bonded oxygen was produced on the ITO top and sup-layers and increases 
with rising in the substrate temperature. Increasing in surface bonded oxygen on 
the ITO leads to form In2O3 and SnO columnar grains at higher temperatures. For 
plasma deposition, the hot filament was run with the hydrogen plasma for evapora-
tion Ag wire under plasma environment. The thermal energetic of the evaporated 
Ag adatoms were reached to the ITO surface to form Ag nanoparticles with oxide 
shell layers of Ag2O and AgO due to the high-density bonded oxygen surfaces. 
Moreover, the Ag adatoms have a limited surface mobility on high density bonded 
oxygen surfaces. Thus, the low substrate temperatures lead to the nanoparticles 
formation with oxide shell layers due to low bonding energies of Ag-Ag and Ag-O of 
more than 163 and 213 eV, respectively [62].

The decomposition of ITO surface into SnO and In2O3 particles can be observed 
at substrate temperature more than 200°C due to the low melting points of In and 
Sn which are 156.6 and 231.9°C, respectively. The hydrogen plasma facilitates the 
surface decomposition of ITO leading to increase of oxygen adatoms in the nucle-
ation sites [33]. Moreover, increasing in the substrate temperatures leads to increase 
in surface diffusion of the surface oxygen adatoms into the decomposed sites of ITO 
resulting in formation of large particles of In2O3 and SnO. Furthermore, the bond-
ing energy of SnO (528 eV) is more stable than In2O3 (360 eV) at higher substrate 
temperature of 250°C. Thus, the oxygen surface diffusion with decomposition of 
ITO enhances the formation of SnO nanoparticles leading to reducing in the AgO, 
Ag2O, and In2O3 nanoparticles on the surface at higher substrate temperatures.

5. Conclusion

Ag nanoparticles layer were deposited on ITO substrates via PAHFE technique 
at low substrate temperatures less than 200°C. This technique is simple and fast 
deposition which required approximately 3 minutes of the deposition time and 
showed directly formation of the nanoparticles layer from the pure Ag wire source. 
The size and interparticle separation of Ag nanoparticles can be controlled by 
variation in the experimental parameters. The morphological, structural, optical, 
and electrical properties of the Ag nanoparticles produced were also studied. Using 
plasma during the deposition leads to formation of uniform size and distribution of 
Ag nanoparticles. The nanoparticles growth rate was induced by increasing in the 
substrate temperature up to 140°C leading to increasing in the nanoparticles size 
and interparticle separation. The oxygen adatoms can diffuse to the nanoparticles 
to form Ag oxide shell which was enhanced by the plasma ambient and substrate 
temperature. Moreover, the SPR of the nanoparticles was strongly dependent on 
the diameter and interparticle separation of the nanoparticles. In addition, the high 
population of the Ag nanoparticles at 80°C improved the surface conductivity for 
the ITO with Ag nanoparticles to be at 7.45 Ohm/square and decreased the work 
function to 3.97 eV. However, the formation of SnO and In2O3 particles at the sub-
strate temperature of 250°C increased the sheet resistance to 16.91 Ohm/square and 
more decreasing in the work function to 3.26 eV. Furthermore, the variation in the 
experimental parameters using PAHFE technique was observed to tune the opti-
cal and electrical properties of ITO with Ag core and Ag oxide shell nanoparticles 
resulting in changes in the functionality of Ag nanoparticle-coated transparent 
conductive oxide thin films to be useful in the applications of the optoelectronic 
devices.
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Abstract

Chalcogenides-based thin film solar cells are great competitors to beat high 
efficiencies as silicone solar cells. The chalcogenides that have been commonly used 
as absorber materials are CIS, CIGS, and CZTS. They present some advantages of 
having a direct and tunable band gap, high absorption coefficient and respectable 
efficiency to cost ratio. Solution processable deposition approaches for the fabrica-
tion of solar cells attracts a great deal attention due to its lower capital cost of the 
manufacturing than the vacuum-based techniques. In this chapter, we detail the use 
of a low-cost method of deposition for the chalcogenide thin films by spin-coating 
and spray-coating, which is already widely employed in several fields of industries.

Keywords: chalcogenides, solar cells, spin-coating, spray

1. Introduction

Currently, the photovoltaic market is based on silicon solar cells with conversion 
efficiency of 15–22%. However, chalcogenides-based thin films solar cells are great 
competitors of silicon technologies. Among of all photovoltaic thin films, chalco-
genide solar cells present some advantages of having a direct and tunable band gap 
(1.0–2.5 eV), high absorption coefficient (>104 cm−1) and respectable efficiency to 
cost ratio [1]. Devices containing CuInGa(S,Se)2 (CIGS) recently recorded a 23% 
efficiency [2] and it becomes possible to PV modules based on that chalcogenide 
thin film to have already entered the market at similar or even lower costs than 
traditional silicon modules [3]. Despite this high efficiency level, the CIGS-based 
PV technology has not yet attained its full potential. If all loss mechanism were 
addressed at the same time, the theoretical maximum 30% could be technically 
feasible. The reported highest efficiency for CIGS thin film solar cell is based on 
vacuum process for coevaporating the elements and depositing the absorber layer. 
However, vacuum-based methods are quite expensive, which creates cost and tech-
nological barriers to produce low-cost photovoltaic modules [4]. Therefore, some 
approaches have been investigated for further improvements, as well as, to develop 
cheaper strategies for the absorber layer.

Solution-processed techniques have been extensively studied to deposit chalco-
genide thin films applied to the second-generation solar cells. The characteristics 
of the precursor solutions are fundamental to perform the deposition and have 
an important role in the resulting film. The solution composition, concentration 
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of constituents, viscosity, and solvent will influence on the film adherence onto 
substrate, grain growth, and most importantly, on the solar cell efficiency.

The solution processable deposition of chalcogenides absorber layer, such as CIS 
(CuIn(S,Se)2), CZTS (Cu(Zn,Sn)(S,Se)2), and CIGS compounds for the fabrica-
tion of solar cells attracts a great deal attention due to its lower capital cost of the 
manufacturing than the vacuum-based approaches, high production rate, ability for 
roll-to-roll production, compositional uniformity over large areas, and high mate-
rial utilization [5, 6]. Several solution processed methods are already commonly 
used for chalcogenides film deposition, such as, electrodeposition [4], spin coating 
[7], ink jet printing, electrophoretic deposition [8], etc.

Among the solvents used to prepare solution-processed high-performance solar 
cells reported in literature are water (H2O), dimethyl sulfoxide (C2H6OS), hydrazine 
(N2H4), methanol (CH3OH), dimethylformamide (C3H7NO) [9]. The solvent used 
in the precursor solution must be environmental-friendly, being able to dissolve 
the salts used as source of the chalcogenide cations and the compounds that are the 
source of the chalcogens, and not contribute to impurities in the film [10].

This chapter discusses the two most reported techniques used to prepare the 
world-record efficiencies of solution-processed chalcogenide solar cells: spin-coat-
ing and spray-coating. The fundamental characteristics of the solutions, regarding 
the physical chemical properties of the solvents, and the important characteristics 
of the deposition methods will be discussed.

2. Absorber layers deposited by spin-coating

The spin coating is a technique to deposit thin films on flat substrates. It has 
been very utilized on the fabrication of films in thickness range of micrometer to 
nanometer. This makes it attractive to prepare solar cells, on a manufactory point of 
view, mainly at laboratorial scale.

The process to produce thin films with this method can be resumed basically in 
three steps (Figure 1 represents a schematic diagram of the steps), respectively; 
fluid dispense on the substrate, spreading of fluid (spin up followed by spin off) 
and evaporation. The solution dispensed spreads over the substrate surface by the 
centrifugal force and, at last, the evaporation forms the film.

The viscosity of the fluid dispensed (η), density of volatile liquid (ρA), evapora-
tion rate (m), and angular speed of the spinning plate (ω) are the main factors that 

Figure 1. 
Steps of spin coating technique.
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affects the layer thickness, the following equation represents the variation of the 
thickness in function of this parameters [11]:
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where thickness is h. These factors and possible contaminants (oxygen, humid-
ity, solvent traces, etc.) can also influence on the roughness and the uniformity of 
the film [12].

Spin coating is a fast and low-cost process. The feasibility of the process is due 
to cheap material required, comparing to vacuum-based coatings, since a spinning 
plate is much cheaper than vacuum system [12]. In addition, this method allows 
the use of a wide range of particle diameters, which means that the method can be 
utilized for different applications. On the solar cells, smaller particles diameters 
mean more grain boundaries, and consequently, loss of charge carrier [13].

Otherwise, it is important to note that at the spin coating process, there is an 
expressive material wastage, since only 2–5% of the material stays on the layers, 
while 95–98% drops out of the layer [14]. Another disadvantage is that this tech-
nique does not form uniform layers over a large area and it does not have roll-to-roll 
capability [15]. Lastly, there is a difficulty at the production of multilayers devices 
with this method.

The spin coating has a good cost effective, mainly at laboratorial use, to produce 
thin and uniform films. Anyway, it is indispensable to consider the advantages and 
the disadvantages before using this method to conclude if this is viable.

Since the success of the deposition of Sn(S,Se)x films using hydrazine-based 
solution, this method has been applied to fabricate highly efficient devices. CIGS 
thin film was deposited by spin coating using a hydrazine-based solution contain-
ing the chloride salts of the cations and thiourea [16]. Hydrazine is a solvent that 
has been used to prepare molecular inks to deposit highly pure films for highly 
efficient solar cells. The current world record efficiency for a solution-processed 
solar cell is hold by a device containing CIGS deposited via hydrazine-based solu-
tion (12.6% for a CIGS solar cell) [17, 18]. Hydrazine is used to dissolve elemental 
metals and binary compounds, as SnSe to produce kesterite solar cells [19]. It has 
also been used to prepare precursor solutions containing Cu2S e In2Se3 to deposit 
CuIn(S,Se)2 thin films [20]. The advantage of using hydrazine is because it is a 
poor coordination solvent. During thermal treatment, hydrazine decomposes in 
small molecules (H2, NH3 and N2) which easily leaves the film without keeping 
residues. The absence of carbon or oxygen in hydrazine structure avoid organic 
impurities which compromise the solar cell efficiency [21]. However, hydrazine 
use is limited because it is highly toxic irritant, highly reactive and easily catch fire 
[12]. Because of that, hydrazine-free solutions have been studied to unexpected 
dangerous reactions.

Alcohols are a green, less toxic, and low-cost alternative for deposition solutions. 
Methanol-based solution containing the chloride salts of the cations and thiourea, 
as sulfur source, have been used to deposit CIGS films. The cation acetate salts 
are more recommended rather than the nitrate and chloride-based salts to form 
absorber layers with a minimum of residues.

Alcoholic solutions have also been used to prepare inks with butyldithiocar-
bamic acid (BDCA) as the sulfur source instead of thiourea to deposit CZTS solar 
cells with 6% conversion efficiency. Ethanol-based solutions with BCDA to dissolve 
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binary oxides Cu2O, ZnO and SnO to deposit CZTS films [20]. Ammonium thiogly-
colate has also been used to dissolve metallic oxides as an environmentally friendly 
alternative [10].

The cations and thiourea complexes with dimethyl sulfoxide (DMSO) or 
dimethyl formamide (DMF) to prepare molecular inks to deposit chalcogenide 
absorber layers [22]. This combination acts stabilizing the desired oxidation state of 
the metals in the resulting film [10]. Thiourea binds to the cations and avoid their 
evaporation during annealing [23, 24]. DMF and DMSO also dissolves selenourea to 
prepare the selenide compounds [9].

Beyond the salt-based precursor solutions and molecular inks, nanocrystals 
inks have also been used to deposit chalcogenide absorber films. CZTS solar cells 
fabricated using a nanoparticle-based solution have presented a maximum of 10.2% 
conversion efficiency, which is close value to the efficiency for a device prepared 
using hydrazine. The synthesis of the nanocrystals typically consist of oleylamine 
solution of the cation salts (chlorides or acetylacetonate) [13, 25], and a hot injec-
tion of sulfur oleylamine solution. Dodecanethiol and hexanethiol are alterna-
tives to oleylamine [20]. Dichlorobenzene has also been used to dissolve sulfur. 
Dichlorobenzene is not recommended to prepare Se-based chalcogenides because 
of the Se low solubility in this solvent [25]. After separation and purification, the 
nanocrystals are dissolved in an organic solvent such ethanol, hexane, chloroform, 
or toluene to prepare the nanocrystal inks.

The combination of molecular and nanocrystal inks is known as hybrid ink 
[20]. A hybrid solution prepared by dispersing Cu2SnS3 nanocrystals in a solution 
containing Zn and propylmercaptan to obtain a hybrid solution applied to deposit 
Cu2ZnSnS4 thin films. The hybrid solution-based CZTS solar cell presented a PCE 
of 5% and Voc of 440 mV [20]. Solvents may leave residues trapped in the film. The 
time and temperature for annealing and sulfur/selenization are not only essential 
for crystal growth but must also remove all the possible residues left by solvent and 
other organic [5, 26].

Although the CIGS devices prepared by vacuum-based techniques present values 
of efficiencies of ~23%, the efficiency of a spin-coating deposited CuIn(S,Se)2 solar 
cell is similar to the efficiency of a Cu(Ga,In)(S,Se)2 device fabricated in the same 
condition. In addition, the efficiency of a CZTS solar cell is the same as for a device 
fabricated by vacuum techniques. This evidences that spin-coating is an inexpensive 
alternative to fabricate highly efficient devices. The efforts for developing inks 
using environmentally friendly solvents, metals and chalcogen precursors, decreas-
ing the residues in the films are fundamental to approximate the photovoltaic 
characteristics of a solution-processed device to the characteristics of the expensive 
vacuum-based solar cells (Table 1).

Absorber solvent VOC (V) JSC (mA cm−2) FF (%) PCE (%) Ref.

Cu(In,Ga)(S,Se)2 hydrazine 0.623 32.6 75 15.2 [16]

Cu(In,Ga)S2 methanol 0.787 17.0 62 8.3 [27]

CuIn(S,Se)2 ethanol 0.561 27.6 65 10.1 [28]

CuIn(S,Se)2 DMF 0.512 36.9 71 13.4 [9]

Cu2ZnSn(S,Se)2 DMSO 0.457 36.0 65 10.7 [29]

Cu2Zn(Sn,Ge)(S,Se)2 DMF 0.583 33.6 56 11.0 [9]

Table 1. 
Photovoltaic parameters of highly efficient chalcogenide solar cells fabricated by spin-coating.
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3. Spray-coating: a low-cost technique for chalcogenide solar cells

In general, the success of the deposition of a thin film by spray-pyrolysis 
depends mainly on three factors: the composition of the precursor solution, the 
atomization and droplet transport process and the substrate temperature [30]. 
The control or modification of these parameters directly impacts the quality of 
the obtained film. Considering the production of the precursor solution, it can be 
composed of inorganic salts or organometallic compounds dissolved in aqueous or 
organic solvents, respectively.

The choice of the precursor reagent and solvent is an important step, since it will 
define the maximum concentration of salt that can be used and will directly affect 
the process of formation and transport of the aerosol in the atomization step [30]. 
The use of aqueous solvents and inorganic salts are the most used reagents, since 
they have lower degree of toxicity and environmental pollution than organic sol-
vents and organometallic compounds. In addition, it has been observed that the use 
of alcoholic organic solvents can lead to carbonaceous impurities that are harmful 
to the photovoltaic device. They affect the growth of crystals in the film and acting 
as barriers for extracting loads, leading to low values of open-circuit voltage (Voc) 
and fill factor (FF) of the solar cell [31, 32]. A common approach in the production 
of precursor solutions for deposition of copper-based chalcogenides thin films, such 
as CIS and CIGS, is to prepare aqueous solutions stocking the chloride or nitrate 
salts of the metals of interest, and the sulfur source, which is normally the thiourea. 
The concentration of the sulfur precursor is usually 5 to 10 times more concentrated 
than metallic salts. The excess of the sulfur has a compensatory role due to losses 
during deposition, and when using molybdenum substrate, it prevents the forma-
tion of oxides of this metal [33, 34]. These solutions are diluted and mixed to obtain 
the final precursor solution, the concentration of each component in the final 
solution must be varied in order to assess the influence of each metal on the chemi-
cal and physical properties of the obtained films. Solar cells with a CIGS absorbing 
layer obtained by spray-pyrolysis using this approach in the preparation of the 
precursor solution have achieved 5 to 10% efficiency [31, 35].

The typical atomizers used for depositing chalcogenides films are the pneumatic 
and ultrasonic. The aerosol formation mechanism is quite different between the two 
models, while in the pneumatic the aerosol is formed by the action of a pressurized 
gas, in the ultrasonic, the aerosol is produced by ultrasonic waves generated by a 
piezoelectric component that is in contact with the solution, the formed aerosol is 
transported to the substrate surface by a carrier gas [36, 37]. Although ultrasonic 
atomizers are more expensive and complex than pneumatic ones, these atomizers 
have better control of average droplet size and the rate of aerosol formation is 
independent of the flow rate of the carrier gas. The efficient control of the droplet 
size distribution is important due to its influence on uniformity of the deposited film 
[38]. The two types of atomizers mentioned are also differentiated by the atomiza-
tion rate and the initial speed of the drops, because as the pneumatic works with a 
pressurized gas carrier, both the atomization rate and the velocity of the droplets 
are much higher [30, 39]. In pneumatic spraying, the main factor to be tested is the 
pressure of the carrier gas, since the distribution of the average size of the droplets 
and the initial velocity of the droplets, as well as the rate of aerosol formation are 
directly linked to this factor. On the other hand, when using an ultrasonic atomizer 
the main factor to be monitored is the atomization frequency, since the distribution 
of the average droplet size is defined by this parameter [40]. When choosing carrier 
gas, one must consider whether it is reactive or not. Oxidizing gases, such as O2, 
should be avoided, as they can react with the precursor metals in the pyrolysis phase, 
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leading to the formation of unwanted oxides. In this sense, inert gases such as N2 or 
Ar are the most suitable for depositing chalcogenides by spray-pyrolysis [41].

Among the several factors that must be taken when depositing thin films by 
spray-pyrolysis, the substrate temperature is pointed out as the most important 
parameter [38]. Many stages of the thin film deposition process depend directly on 
the substrate temperature, among which are: droplet spreading, solvent evaporation 
and salt decomposition and compound formation. All these steps are important for 
obtaining the compound with the desired chemical and physical characteristics in 
the form of a homogeneous thin film. Figure 2 summarizes the effects of increasing 
the temperature on the deposition process [30, 38, 39]. At low temperatures, the 
solvent still does not evaporate and the droplets of the precursor solution col-
lide with the substrate and undergo decomposition (process A). At intermediate 
temperatures the solvent evaporates completely during transport, reaching the 
substrate in the form of a dry precipitate which then decomposes (process B). From 
intermediate to high temperatures, the solvent evaporates, and the solid precipitate 
is formed, but before reaching the substrate the precipitate melts and vaporizes, 
leading to chemical vapor deposition (CVD) (process C). Finally, at high tempera-
tures (process D) the vapor phase formed after melting the precipitate decomposes 
to form the compound powder, which is deposited on the substrate. In this context, 
the processes A and D are not indicated for chalcogenides deposition, because the 
films obtained are often rough or the form of poorly adherent powder [38]. Thus, 
temperatures where processes B or C can occur (300° to 450°C), are the most suit-
able for the deposition of thin films of chalcogenides such as CIGS and CZTS.

Table 2 shows the parameters used in the spray-pyrolysis deposition of absorber 
layers of copper-chalcogenide thin film from aqueous precursor solutions and the 
parameters obtained in the solar cells. As can be seen, most of the chalcogenide 
films are deposited using pneumatic atomizer, this reflects the simplicity and cost–
benefit of this type of system. Other points to note are the prevalence of the use of 
N2 as a carrier gas, and the flow rate that varies between 0.25 and 3 ml min−1.

Mo-coated glass is among the most used substrates for depositing chalcogen-
ides for PV applications. However, the preheating temperatures of the substrates 
required in the spray-pyrolysis process are high enough (T ≥ 200°C) for the for-
mation of Mo oxides. The oxide layer can lead to loss of charge carrier collection 
efficiency and worsen the adhesion of the film that will be deposited later. The 
solution found by Ho and colleagues [31] was to deposit the CIS layer with a gradual 
increase in substrate temperature from 120°C to 300–350°C. The XRD patterns 
shown in Figure 3a indicate that in the initial phase of deposition (red line) with 
temperatures between 120 and 150°C, in the intermediate phase with temperatures 

Figure 2. 
Schematic illustration of thin film deposition by spray-pyrolysis and the effect of increasing substrate 
temperature on the spray-pyrolysis deposition.
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between 150 and 250°C (blue line) and the final phase with temperatures between 
250 and 350° (green line) there were no characteristic peaks of MoO2. On the other 
hand, in the films in which the Mo substrate was preheated between 300 and 350°C 
(violet line), peaks related to MoO2 were found. Figure 3b and c show the scanning 
electron microscopy (SEM) images of films deposited with preheating and gradual 
heating, respectively. As can be seen, the CIS film deposited with preheating was 
less uniform and with pores at the CIS/Mo interface. The formation of Mo oxides is 
identified as the main cause of film malformation. Finally, most of the chalcogen-
ides thin films deposited by spray-pyrolysis require a thermal treatment after their 
deposition, this is essential to increase the crystallinity, as shown in Figure 3d, and 
by means of sulfurization or selenization serves also for the stoichiometric improve-
ment of S or Se deficient films.

4. Conclusions

Solution-processed chalcogenide thin film solar cells have already reached 
similar efficiencies to the ones prepared by using vacuum techniques. Spin-coating 
and spray-coating are inexpensive alternatives to fabricate highly efficient devices. 
The progress in the field since the hydrazine-based solution to deposit chalcogenide 
led to the development of environmentally friendly and low-cost molecular inks, 
nanocrystal inks and hybrid inks. Although solution-processed CIS and CZTS 
solar cells are equally to or more efficient than the vacuum-based devices, many 
improvements need to be done to put solution-based CIGS solar cells on top of the 

Figure 3. 
(a) XRD patterns of the CIS films deposited by spray-pyrolysis at different substrate heat stage. (b) Cross-
section SEM image of CIS film de posited on the preheated substrate. (c) Cross-section SEM image of CIS 
film deposited with gradual substrate heating. (d) CISSe film after heat treatment and selenization processes. 
Adapted with permission from [31]. Copyright (2014) American Chemical Society.
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efficiency charts. Spin- and spray-coating are undoubtedly more advantageous for 
the process of solar cells fabrication, and more efforts are still needed to develop 
inks using environmentally friendly solvents, metals and chalcogen precursors. It is 
still needed to work on decreasing the residues in the films to eliminate any possible 
site of recombination. Optimization of these techniques will be essential to the scal-
ability of the fabrication of the highly stable and highly efficient solar cells.
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Abstract

In recent years, VO2 has emerged as a popular candidate among the scientific 
community across the globe owing to its unique technological and fundamental 
aspects. VO2 can exist in several polymorphs (such as: A, B, C, D, M1, M2, M3, P, 
R and T) which offer a broad spectrum of functionalities suitable for numerous 
potential applications likewise smart windows, switching devices, memory materials, 
battery materials and so on. Each phase of VO2 has specific physical and chemical 
properties. The device realization based on specific functionality call for stabiliza-
tion of good quality single phase VO2 thin films of desired polymorphs. Hence, the 
control on the growth of different VO2 polymorphs in thin film form is very crucial. 
Different polymorphs of VO2 can be stabilized by selecting the growth route, growth 
parameters and type of substrate etc. In this chapter, we present an overview of sta-
bilization of the different phases of VO2 in the thin film form and the identification 
of these phases mainly by X-ray diffraction and Raman spectroscopy techniques.

Keywords: thin film, VO2, thermochromic, X-ray diffraction, Raman

1. Introduction

Thin film materials with ‘smart’ properties have attracted increasing attention 
in past few decades, as we move towards the smarter world [1]. This is driven by 
the fact that these materials react to the variation in parameters such as tempera-
ture, pressure, electric or magnetic fields etc. [2–13]. Vanadium dioxide (VO2) is a 
well-known ‘smart material’ which is popular since the Morin’ work in 1959 [14]. 
Its monoclinic M1 phase exhibits a metal–insulator transition (MIT) near room 
temperature, accompanied by larges changes in the structural, electronic and optical 
properties [15]. These distinctive features makes it attractive in smart windows, 
switching devices, memory materials and so on [16–18]. Being a strongly correlated 
electron system, VO2 is equally attractive to condensed-matter physicists [19–22].

VO2 can exhibit various polymorphic structures (such as: A, B, C, D, M1, M2, M3, 
P, R and T), each having quite different physical and chemical properties [23–31]. 
Among these polymorphs, many are neither stable in ambient conditions nor can be 
easily synthesized. This happens because vanadium oxides can adopt a wide range of 
V:O ratios, resulting in different structural motifs. Phase space diagram (Figure 1) 
for the vanadium oxides indicates that there are more than 15 other stable vanadium 
oxides phases (like VO, V2O3, V3O5 etc.) and only a narrow window in phase space 
exist in which the pure semiconducting phase of VO2 can be grown [32]. This narrow 
window strongly limits the synthesis of VO2 either in the form of bulk crystals, 
thin films, or micro- and nanostructures. Nonetheless, different stoichiometric 
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VO2 polymorphs have been stabilized using techniques such as sputtering, pulsed 
laser deposition (PLD), sol–gel deposition, reactive evaporation and metal–organic 
chemical vapor deposition (MOCVD) etc. [15, 23, 25, 31, 33–38].

Phase Crystal structure
(space group)

Lattice parameters Comments and 
Referencesa(Å) b(Å) c(Å) β(°)

VO2 (A) Tetragonal(P42/ncm)
(138)

8.43 8.43 7.68 [60]

VO2 (B) Monoclinic(C2/m)
(12)

12.03 3.69 6.42 106.6 [60]

VO2 (C) Tetragonal(I4/mnm)
(139)

3.72 3.72 15.42 [24]

VO2 (D) Monoclinic(P2/c)
(13)

4.59 5.68 4.91 89.3 [26]

VO2 (P) Orthorhombic(Pbnm)
(62)

4.95 9.33 2.89 [28]

VO2 (M1) Monoclinic(P21/c)
(14)

5.74 4.52 5.38 122.6 [61]

VO2 (M2) Monoclinic(C2/m)
(12)

9.08 5.76 4.53 91.3 [62]

VO2 (M3) Monoclinic(P2/m)
(10)

4.50 2.89 4.61 91.7 [62]

VO2 (T) Triclinic(P-1)
(2)

9.06 5.77 4.52 91.4 [63]

VO2 (R) Tetragonal(P42/mnm)
(136)

4.55 4.55 2.86 [61]

Table 1. 
The crystallography data for VO2 polymorphs.

Figure 1. 
Phase space diagram for the vanadium oxides. Note the narrow window within which stoichiometric VO2 can 
be grown for x = 2.0 (reprinted from Ref. [32]).
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Koide and Takei appears to be the first to grow VO2 thin films by chemical vapor 
deposition (CVD) technique in 1967 [39]. In their deposition method, fumes of 
vanadium oxychloride (VOCl3) was carried by N2 gas into the growth chamber 
and was hydrolyzed on the surface of rutile substrates to give epitaxial VO2 films. 
In 1967, VO2 thin films were also grown using reactive sputtering by Fuls et al. 
who made the films by reactive ion-beam sputtering of a vanadium target in an 
argon–oxygen atmosphere [40]. PLD emerged as a deposition technique for oxide 
superconductors in the late 1980s, and was first used to prepare VO2 thin films by 
Borek et al. in 1993 [41]. Since then, consistent efforts have been made to grow thin 
films of various VO2 polymorphs by using different deposition techniques/routes. 
Sputtering and PLD are the leading deposition techniques used to grow different 
VO2 thin films polymorphs [42–46]. This is because of the ease with which one can 
play the deposition parameters in these techniques to stabilize thin films of various 
compounds [47–60].

In this chapter we will focus on the stabilization of thin film of six main VO2 
polymorphs: VO2 (M1), VO2 (M2), VO2 (R), VO2 (T), VO2 (A) and VO2 (B). But in 
passing it should be noted that VO2 polymorphs likewise VO2 (M3), VO2 (P), VO2 
(C) and VO2 (D) have also been mostly studied in bulk and nanostructure form 
and reports are missing on thin film stabilization of these phases [24–29, 31]. Space 
group and lattice parameters of different VO2 polymorphs known to us are tabu-
lated in Table 1.

2. Thin film growth of different VO2 polymorphs

2.1 VO2 (M1) and VO2 (R) phase thin films

Monoclinic VO2 (M1) (a = 5.74 Å, b = 4.52 Å, c = 5.38 Å, β = 122.6°) with space 
group P21/c is the most widely studied inorganic thermochromic material which 
is an insulator at room temperature. It shows a first-order MIT at 68°C with a 
concomitant structural transition into rutile tetragonal VO2 (R) (a = b = 4.55 Å, 
c = 2.86 Å) having space group P42/mnm [61]. Because of MIT and the associated 
huge changes in the structural, electronic and optical properties, VO2 (M1) and VO2 
(R) are attractive for applications in smart windows, switching devices, memory 
materials and so on [16, 17].

Figure 2 shows the structural arrangement of four different phases of VO2 [64]. 
In the VO2 (R) phase, the vanadium atoms are equally spaced along the rutile c axis 
(cR), while in the VO2 (M1) phase, simultaneous dimerization and tilting in equiva-
lent chains occur, leading to a zigzag pattern.

Highly oriented VO2 (M1) thin films on R-cut sapphire substrate were prepared 
by Borek et al. using PLD [41]. They ablated metallic vanadium target by a KrF 
pulsed excimer laser in an ultrahigh vacuum deposition chamber with Ar and O2 
(10:1) atmosphere of 100–200 mTorr, and a substrate temperature (Ts) ∼ 500°C 
followed by 1 hour post deposition annealing in the same environment. Since then 
PLD was employed by number of groups to grow good quality VO2 (M1) thin films 
by varying the deposition parameters and post deposition treatment [44–46, 65]. 
Several other techniques such as sputtering, CVD, etc. were also employed to grow 
polycrystalline and epitaxial VO2 (M1) thin films on various substrates of different 
orientation [34, 42, 43, 66–69]. To date, most VO2 (M1) films have been grown on 
substrates such as sapphire (c-type, m-type, r-type and a-type), TiO2, perovskite 
oxides, Si and Quartz. Figure 3(a) shows the grazing incidence X-ray diffraction 
(GIXRD) data of polycrystalline VO2 (M1) thin film by Kumar et al. which was 
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grown on quartz substrate by sputtering VO2 at room temperature and post deposi-
tion annealing at 500°C [69]. Figure 3(b)–d depict the X-ray diffraction (XRD) 
patterns of VO2 (M1) thin film grown on TiO2 and Al2O3 substrates of different 
orientation [46, 70].

VO2 (R) is the high temperature phase of VO2 (M1). So, VO2 (M1) thin films 
generally transforms to VO2 (R) phase when heated above the MIT temperature. 
Apart from this, thin films showing VO2 (R) phase at room temperature can also 
be stabilized by strain, hydrogenation, oxygen vacancies and doping etc. [71–76]. 
Fan et al. reported the growth of ultrathin VO2 (R) phase thin film on TiO2 (002) 
substrate [71]. Y. Zhao et al. showed that hydrogenation can also lead to growth of 
VO2 (R) phase thin film [72]. Very recently, Liang et al. described that increase in 
concentration of W dopant in V1−xWxO2/Si thin films favors the growth of VO2 (R) 
phase [73]. Figure 4 shows the XRD patterns of VO2 (R) phase thin films grown by 
different groups.

2.2 VO2 (T) phase and VO2 (M2) phase thin films

VO2 (T) phase and VO2 (M2) are known to be Mott-Hubbard type insulator which 
may find use in Mottronics and novel electronic transport applications [15, 18]. 
These phases are structurally different from VO2 (M1) and VO2 (R) phase because 
of dissimilar types of vanadium chains and dimerization as shown in Figure 2. VO2 
(M2) phase contains two distinct types of vanadium chains: one half of the vanadium 
atoms pair but do not tilt, while the other half are equidistant which tilts but do not 
pair. Triclinic phase i.e. VO2 (T) phase can be thought of as an intermediate phase 
between VO2 (M1) and VO2 (M2) phases, having two types of inequivalent vanadium 
chains (or sublattices) in which the vanadium atoms are paired and tilted to different 
degrees. VO2 (T) phase and VO2 (M2) are not as stable phase as VO2 (M1) and VO2 
(R). But, doping and/or strain can stabilize these phases [15, 35, 77]. Strelcov et al. 
presented a phase diagram which demonstrate the influence of chemical doping and 
uniaxial stress on the phase structure of VO2 [35]. This phase diagram (Figure 5(a)) 
indicates that either of M1, M2, T, or R phase of VO2 can exist depending on the type 
of dopant and/or stress. Majid et al. reported the Cr doping driven growth of VO2 (T) 
phase thin films [15]. Figure 5(b) shows their XRD pattern of grown VO2 (M1) and 
VO2 (T) phase thin films. Stress-induced VO2 films with M2 monoclinic phase stable at 
room temperature; were grown by Okimura et al. using inductively coupled plasma-
assisted (ICP) reactive sputtering technique with various rf power fed to the coil for 
ICP (Figure 5(c)) at constant Ts of 450°C and at varying Ts, under constant rf power 
(Figure 5(d)) [77]. Apart from this work, there are not much reports on the growth 
of single phase VO2 (M2) thin films which are stable at room temperature. But, there 
are numerous reports on the evolution of intermediate M2 phase in VO2 thin films 

Figure 2. 
The schematic structures for (a) rutile (R), (b) monoclinic M1, and (c) M2 phases of VO2. Red and blue balls 
denote vanadium and oxygen atoms, respectively. (d) The arrangement of vanadium chains in the four phases 
without oxygen atoms (a-d reprinted from Ref. [64]).
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during the monoclinic M1 to rutile R transition [15, 69, 78–81]. This intermediate M2 
phase in VO2 thin film can be introduced by selecting the particular substrate tempera-
ture, doping, thickness etc. Kumar et al. witnessed the intermediate M2 phase tem-
perature dependent XRD measurements across the MIT transition in polycrystalline 
VO2 thin films grown on quartz substrate using sputtering technique followed by rapid 
thermal annealing at 530°C (Figure 6(b)) [69]. However, they have not observed the 
intermediate M2 phase for films annealed at 500°C (Figure 6(a)). Majid et al. noticed 
the evolution of intermediate M2 phase in temperature dependent Raman measure-
ments of Cr doped VO2 thin films during T ➔ R phase transition (Figure 6(d)) [15]. 
For undoped VO2 thin films normal M1➔R phase transition crossover was observed 

Figure 3. 
(a) GIXRD data of VO2 (M1) thin film prepared on quartz substrate [69]. XRD data of epitaxial VO2 (M1) 
thin films grown on (b) TiO2 substrates of different orientation (reprinted from Ref. [46]), (c) c-cut sapphire 
and (d) r-cut sapphire (c, d adopted from Ref. [70]).
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without signatures of intermediate M2 phase °C (Figure 6(c)). Ji et al. stressed the 
role of microstructure on the M1-M2 phase transition in epitaxial VO2 thin films of 
different thicknesses [78]. Their temperature dependent Raman measurement result 
on 90 nm and 150 nm thick VO2 thin film sample are depicted in Figure 6(e) and (f) 
respectively. Azhan et al. also found intermediate M2 phase in VO2 thin films with large 
crystalline domains [79].

2.3 VO2 (A) and VO2 (B) phase thin films

The layered polymorphs VO2 (A) and VO2 (B) are important materials from science 
and technology perspective. VO2 (B) has been long considered as a promising electrode 
material for Li ion batteries since the after report of Li et al. in 1994 [82]. It emerged as 
a promising cathode material owing to its layered structure and outstanding electro-
chemical performance [83, 84]. Also, it is important for the study of strong electronic 
correlations resulting from structure. On the other hand, VO2 (A) phase is highly 
metastable and therefore the physical properties and the potential for technical applica-
tions have not been explored in detail. This phase is an intermediate phase between VO2 
(B) and VO2 (R), and has a reversible phase transition at ~162°C [85, 86]. The crystal 
structure of VO2 (A) and VO2 (B) phase with possible epitaxial relation on SrTiO3 
substrate, are illustrated in Figure 7(a) and (b) respectively [23]. At room temperature, 
the metastable monoclinic VO2 (B) adopts a structure derived from V2O5 and belongs to 
space group C2/m while VO2 (A) adopts a tetragonal unit cell with a space group P42/ncm 
[23]. Growth of single crystalline VO2 (B) is very challenging due to the complex crystal 
structure. Similarly to VO2 (B), the study of VO2 (A) has so far been limited.

Figure 4. 
(a) XRD profiles for thickness-dependence VO2 films on TiO2 substrate [Reprinted with permission from Fan 
et al [71]. Copyright (2014) American Chemical Society]. (b) XRD of pure (M1 phase) and hydrogen-doping 
stabilized metallic (R phase) VO2 thin films prepared on sapphire substrate (Reprinted from Ref. [72], with 
the permission of AIP Publishing). (c) Room temperature XRD of different V1−xWxO2/Si thin films (adopted 
from Ref. [73]).
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Recently; several reports are focused on VO2 (A) and VO2 (B) phases in the 
form of bulk and nano-powders where annealing treatment causes them to revert 
to stable VO2 (M1) phase [25]. Chen et al. appears to be the first to report the 
growth of textured VO2 (B) films with thickness only <25 nm on SrTiO3 (001) 
substrate [87].

The good mathing of the a − b plane of VO2 (B) to that of (001)-oriented 
perovskites enables the epitaxial growth of phase-pure VO2 (B) thin films on 
perovskite substrates, such as SrTiO3 and LaAlO3. Srivastava et al. successfully sta-
blized the single phase VO2 (B) and VO2 (A) thin films by tuning the laser retation 
rate and oxygen partical pressure during PLD while keeping the constant substrate 
tempearture (Ts = 500°C) [23]. The XRD pattern of their grown films and the phase 
digram of used deposition parameters are shown in Figure 7(c) and (d) respec-
tively. Lee et al. argued that a proper choice of Ts is crtical among the deposition 
parameters for the growth of VO2 (A) and VO2 (B) phase thin film on perovskite 
substrates [60]. They found that the thin films of these phases can reproducibly 
grow at Ts lower than 430°C only (Figure 8(a) and (b)). Morover, VO2 (A) phase 
can also appear as an intermediate phase (Figure 8(c)) when annealing is carried 
out for VO2 (B)➔ VO2 (R) conversion [60]. Wong et al. successfully synthesize thin 

Figure 5. 
(a) A temperature-composition phase diagram of VO2, demonstrating the influence of chemical doping and 
uniaxial stress on the phase structure of VO2 (reprinted with permission from Strelcov et al. [35]. Copyright 
2012 American Chemical Society). (b), room-temperature XRD patterns of the pure (M1 phase) and Cr-doped 
(T phase) VO2 thin films on the [001] Si substrate (adapted from Ref. [15]). (c and d) XRD patterns of the 
VO2 films grown on quartz substrates with various RFpower fed to the coil for ICP, at constant Ts of 450°C and 
at varying Ts, under constant RF power (Reprinted from Ref. [77], with the permission of AIP Publishing).
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films of the metastable VO2 (B) polymorph on (001) LaAlO3 at deposition tempera-
ture Ts = 325°C (Figure 8(d)) [70]. Very recently, Choi et al. grown epitaxial VO2 
(A) and VO2 (B) thin films having tungsten doping were grown on (011)-oriented 
SrTiO3 and 001)-oriented LaAlO3 substrate respectively using PLD [88].

3. Conclusions

An overview of thin film stabilization of different VO2 polymorphs i.e. VO2 
(M1), VO2 (M2), VO2 (R), VO2 (T), VO2 (A) and VO2 (B) is presented in this chapter. 
It is understood that one can stabilize the thin film of a particular VO2 polymorph 
by properly selecting the deposition technique, growth parameters, type of sub-
strate and dopant etc.

Figure 6. 
Temperature dependence of XRD data (at X-ray wavelength (λ) = 0.0693 nm) during heating cycle for VO2 
thin film annealed at (a) 500°C and (b) 530°C (a,b adopted from Ref. [69]). Temperature-dependent Raman 
spectra of (c) pure and (d) Cr-doped VO2 thin films collected in the cooling cycles (c, d adopted from Ref. [15]). 
Temperature dependent Raman spectra of (e) 90 nm and (f) 150 nm thick VO2 thin film grown on Al2O3 
substrate (e, f adopted from Ref. [78]).



155

Thin Film Stabilization of Different VO2 Polymorphs
DOI: http://dx.doi.org/10.5772/intechopen.94454

Figure 8. 
XRD patterns of (a) VO2 (B) and (b) VO2 (A) thin film on SrTiO3 (001) and (011) substrates respectively. (c) 
XRD during annealing of VO2 (B)/STO sample (a-c adopted from Ref. [60]). (d) XRD scan of VO2 (B) film 
grown on LaAlO3 (001) substrate (adopted from Ref. [70]).

Figure 7. 
The schematic crystal structure representation of (a) 220 orientated VO2 (A), (b) 002 orientated VO2 (B) 
grown on SrTiO3 (100) substrate. (c) XRD patterns showing different phases for VO2 thin films grown at 
various deposition parameters. (d) Phase diagram showing the role of laser frequency and oxygen pressure 
during pulsed laser deposition for different polymorphs of VO2 thin films (a-d adopted from Ref. [23]).
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Chapter 10

Thin Film Deposition: Solution 
Based Approach
Kashif Tufail Chaudhary

Abstract

The wet chemical processing opens the way to deposit thin film with the versatility 
and ease for a variety of materials. Liquid film deposition involves the application 
of a liquid precursor on a substrate which is then converted to the required coating 
material in a subsequent post-treatment step. Different non-vacuum solution based 
deposition techniques have been developed to grow thin films with high efficiency 
and functionality. Spin coating is one of an effective technique for thin film fabrica-
tion due to low cost, uniformity, less hazardous, and capability of easy scaling up. 
The typical process involves depositing a small amount of a fluid onto the center 
of a substrate and then spinning the substrate at high speed. Dip coating is another 
simple, cost effective route with feasibility to scale-up for commercial production. 
The dip coating process can be divided into three important technical stages, immer-
sion, withdrawal and evaporation. The coating may be subjected to further heat 
treatment in order to burn out residual compounds and induce crystallization of the 
functional oxides. Spray coating is a promising technique to grow thin film in research 
and industry to prepare thin and thick films. It is an easy approach to fabricate thin 
film with uniform distribution at small scale from a few nanometers to micrometers 
in thickness. Inkjet printing is the emerging promising technique to develop large-
scale, and flexible thin films. The inkjet printing process allow easy customization to 
grow variety of complex structures.

Keywords: thin film deposition, spin coating, dip coating, spray coating,  
inkjet printing

1. Introduction

This chapter includes the details of solution based routes to deposit thin films 
which includes spray coating, dip coating, spin coating and inkjet printing pro-
cessing. The contribution of different experimental parameters such as solution 
viscosity, surface tension, droplet size, substrate material & temperature, nature of 
solution are discussed briefly.

2. Spin coating

Spin coating is a quick and common route to deposit thin films on substrates 
with primary advantage of ease to produce very uniform films. The solution of a 
specific material is spun at high speeds, the centripetal force and the surface tension 
of the liquid together create an even covering on the substrate. The excessive solvent 
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is evaporated, and spin coating results in a thin film ranging from a few nanometers 
to a few microns in thickness. Spin coating technique is used to coat small substrates 
from a few mm square to a metre or more in diameter. The key advantage of spin 
coating technique is the simplicity and relative ease to set up the process, coupled 
with the thinness and uniformity.

Spin coating consists of three major stages, solution dispensing, rotation domi-
nated thinning and solvent evaporation as shown in Figure 1. The rotation pulls 
the liquid (solution) coating into an even covering and then evaporates to leave 
the desired material on the substrate in an even distribution. The high spin speeds 
and the high airflow leads to fast drying, which in turn results in high consistency 
at both macroscopic and nano length scales. However, the fast drying times lead to 
lower performance for certain processes, which requires time to self-assemble and/
or crystallize.

Spin coating also relatively low throughput process due to an inherently batch 
(single substrate) process compared to roll-to-roll processes. Despite these draw-
backs, spin coating is usually the starting point and benchmark for most academic 
and industrial processes that require a thin and uniform coating. Spin coating 
process can be broadly divided into 4 main stages.

Deposition: The first step involves the solution dispensing onto the substrate 
surface. The centrifugal force pulls the solution across substrate surface, if the 
substrate is already spinning (dynamic spin deposition) or is set on spin after 
deposition (static spin deposition).

Spin up: Once the solution is translated to the substrate surface, the rotation disc 
is speed up to the required rotation speed, either immediately or by a gradual speed 
up steps. In this stage, the solution initially spins at a different rate than the sub-
strate speed, but eventually the two rotation speeds match up once the drag force 
balances rotational accelerations leads to the formation of thin fluid layer.

Spin off: During spin off stage, the solution begins to turn into thin film domi-
nated by viscous forces. As the solution is flung off the substrate, the thin film 
changes color due to interference effects and it indicates completion of dry process. 

Figure 1. 
Schematic of spin coating.
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In certain cases, the edge effects are observed on the substrate due to formation of 
droplets at the edge and to be thrown off.

Evaporation: As fluid outflow ceased, the thinning process is dominated by 
evaporation of the solvent. The rate of solvent evaporation depends on the solvent 
vapor pressure, volatility, and ambient temperature.

All above processes are repeated several times to research desired film thickness. 
The solution casting and drying stages of are an integral and crucial part of the spin 
coating process, which contributes to the key process such as stacking/crystalliza-
tion, phase separation and aggregation. Precise control of these processes is critical 
as the characteristics of deposited thin films not only depend upon morphology 
(thickness, uniformity) but also on deposition processing. In general, the spin 
speed speeds of >1000 rpm is recommended for industrial processing to ensure 
the high uniformity. However, spin speeds down to 200 rpm can be employed for 
laboratory scale deposition which might slow down the drying process but allow 
additional time for self-assembly.

In case of slow spinning, the solvent begins to evaporate as solvent is dis-
pensed across the substrate and produces internal currents resulted in formation 
of highly ordered well assembled thin films by slowing down the evaporation 
rate. But, the coating across the surface is usually highly uneven with a typical 
“coffee staining” effect. However, it is possible to obtain a high level of nanoscale 
order by spinning at very lower speeds. Slow drop casting without rotation is a 
good way to deposit highly ordered thin films at the nanoscale but at the expense 
of uniformity.

In general, the thickness of a spin coated thin film is proportional to the inverse 
of the spin speed squared. However, the relation does not always apply and use to 
predict the film thickness without experimental data. Usually a test film is grown 
and measured. By using the data point(s) obtained from test film, spin thick-
ness curve can be plotted with a reasonable accuracy. The spin speed can then be 
adjusted to obtain the right film thickness. The exact thickness of a deposited thin 
film is subjected to many factors as the material concentration and solvent evapora-
tion rate which in turn depends upon the solvent viscosity, vapor pressure, tem-
perature and local humidity etc. Therefore, the spin thickness curves for specific 
solution is commonly determined empirically [1].

The following parameters play very crucial role during spin coating process of 
thin film deposition.

Spin Speed: The spin speeds is one of the important parameter as it defines the 
range of thicknesses that can be achieved from a given solution. The speed affects 
the degree of centrifugal force applied to the liquid fluid as well as the velocity and 
characteristic turbulence of the air immediately above it. As the substrate starts 
spin, the dispensed solution flows radially, due to the action of centrifugal force, 
and the excess fluid spin off the substrate. The fluid continues thinning until the 
centrifugal force equals the viscosity. Although spin coating process is divided 
in three stages, however, they are not always very distinctly separate in time. In 
general, spin coating produces a uniform thin film relatively easily from about 
1000 rpm upwards. A good quality thin film can be deposited at 500 or 600 rpm 
with precise control on spin speed. In general, the spin coating rpm might span 
a factor of ten (e.g. from 600 rpm to 6000 rpm) which in turn cause variation 
in film thickness. For instance, a solution which gives a film thickness of 10 nm 
at 6000 rpm may give a thickness of around 32 nm at 600 rpm. The dependence 
of thin film thickness upon the square root of spin speed has its own merits and 
demerits. The spin coating allows a precise control on the thickness of film but that 
can be achieved in a relatively narrow range for a given solution. The thickness of 
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thin film for a given material/solvent combination also depends upon the maximum 
concentration of the material dissolved in the solvent. The thickness of >1 μm 
can be achieved for high solubility materials (100 mg/ml or higher). However, for 
less soluble materials (a few mg/ml), the maximum thickness might be limited to 
20 nm or so and the thickness of a film is approximately linearly dependent upon 
the concentration of the material in the solution, however increase in the material 
concentrations affects the viscosity of the solution and thus a non-linear relation-
ship develops. Films deposited at slow spin speed exhibit more edge-on orientation 
as compared to films at fast spin speed which exhibit more plane-on orientation, 
and the orientation varies smoothly between these limits [2].

Spin Coating Duration: In most standard spin coating processes, the substrate 
is kept spinning until the film is fully dried, which mainly depends upon the boiling 
point and vapor pressure of the solvent at ambient conditions. In general, 30 sec-
onds are usually an adequate time for most of solvents. However, the drying may 
take considerably longer for higher boiling point solvents therefore solvents are 
most commonly used either as additives or with additional drying steps. The spin 
coating process involves a large number of variables that tend to cancel and average 
out during the spin process and allows sufficient time to manipulate deposition 
process. By combining the effects of fluid flow and solvent evaporation to leave a 
very thin layer of coating material on the substrate [3]. During evaporation process 
while spinning, the viscosity increases until equals the centrifugal force and spin 
time cannot move the solution anymore. At this point, the film thickness does not 
change significantly with increased spin time. This step can take from 10 seconds to 
1 minute.

Solution Dispensing: Another important aspect is dispensing of the solution on 
substrate either in a static dispense deposition or a dynamic dispense deposition 
process. In a static dispense procedure, the solution is translated to the substrate 
while it is stationary. The entire substrate is covered with solution before rotation 
begins. The spinning is then started and raised up to required speed as fast as 
possible. The static dispense procedure usually covers the entire substrate (or at 
least all of the active part of the substrate) prior to initiate the spinning. The major 
challenge for a static dispense is the evaporation of solvent in the solution before 
the spin coating process begins. This issue is more pressing in case of high vapor 
pressure solvents. Therefore, the static dispense process gives lower substrate-to-
substrate film uniformity as compared to dynamic dispense.

In a dynamic dispense, the substrate is first set on spinning and allowed to 
acquire desired speed and then the solution is dispensed at the center of the sub-
strate. The centripetal force pulls the liquid away from the middle of substrate 
across the entire area before dries up. The dynamic dispense is more suitable due 
to precise controlling and better substrate-to-substrate variation. In this process, 
the solvent has less time to evaporate before the spinning start. Therefore, the 
ramp speed and dispense time is less critical as the substrate has been reached to 
the desired rpm. The dynamic dispense requires less solution in general although 
depends upon the wetting properties of the surface.

The major setback of the dynamic dispense is the incomplete substrate coverage 
in case of low spin speeds below 1000 rpm and viscous solutions due to insufficient 
centripetal force to pull the liquid across the surface. The lower rotation speed 
enhances the probability that the solution may be dispensed before the substrate 
has completed a full rotation. For the majority of spin coating above 1000 rpm, 
a dynamic dispense is recommended as standard process. A dynamic dispense 
process can be performed at speeds all the way down to around 500 rpm. However 
it becomes more difficult to get complete surface coverage.
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The nature of solution: In spin coating process, the choice of the source com-
pound and solvent must satisfy a number of essential conditions such as stable in air 
at room temperature, less or no toxic. In spin coating process different parameters 
of solution as viscosity, concentration, density, surface tension, evaporation rate of 
the solvent determines the spin speed and spin time to get desired thickness.

The nature of substrate: The nature of substrate material is also important 
parameter as it contributes towards the good coverage of substrate surface and 
quality of deposited thin film. Generally the substrate is chemical resistance to the 
coating solution and a heat resistance to withstand the subsequent curing or heat 
treatment. In certain cases, a surfactant is introduce into the formulation to facili-
tate complete substrate coverage during dispense or modifications are applied to 
the substrate to ensure good wetting. For instance, the substrate surface is changed 
from hydrophobic to hydrophilic depending on the nature of solution [1].

3. Dip coating

The dip coating is a facile, simple, the low cost and the high quality coating 
processing used for industrial as well as laboratory applications. The dip coating 
is commonly used for optical coatings such as in the production of automotive 
rear mirrors and large area antireflective coating for solar control glasses [4]. The 
dip coating process involves immersing of a substrate into the solution of coating 
materials and then withdraw the solution. The process can be defined as deposi-
tion of aqueous-based liquid phase onto the surface of substrate using a solution. 
Generally, the required material is dissolved in solutions and directly coated on the 
substrate surface, then the sedimentary (solvent) wet coating is evaporated to get 
dry film. The dip-coating process involves complex chemical and physical multi-
variable parameters. The film thickness and morphology depends on immersion 
time, withdrawal speed, dip-coating cycles, density and viscosity, surface tension, 
substrate surface and evaporation conditions of coating solutions. Photo-assisted 
dip-coating is used to control the evaporation process of coated solution and the 
irradiation effect facilitate the film disposition. To increase the uniformity and 
thickness of films, the multi-layered dip-coating is applied [5].

Dip coating consists of four basic steps as immersion, dwelling, withdrawal, and 
drying as shown in Figure 2. In first stage, the substrate is immersed into a solu-
tion to be deposited until it is completely covered with liquid. The substrate is then 

Figure 2. 
Schematic of dip coating in lab.
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withdrawn after a short interval. During the withdrawal process, a thin layer of the 
solution residues on the substrate surface. Once the substrate is fully withdrawn, 
the solution from the deposited film starts to evaporate and leaves behind a dry 
film. The deposited material undergoes a chemical or physical change.

The withdrawal and drying stages are critical stages to determine the properties 
of the deposited film. The withdrawal stage involves the interaction of different sets 
of forces. These forces are categorized into two categories, entraining forces and 
draining forces. Draining forces draw the liquid (solution) back to the bath from 
substrate surface. On the other hand, the entraining forces keeps the solution onto 
the substrate surface. The balance between these two sets of forces determines wet 
film thickness coated onto the substrate. During the withdrawal stage, the forma-
tion of the wet film can be broken into four regions as illustrated in Figure 3.

In the static meniscus region, the shape of the meniscus is determined by the 
balance of the hydrostatic and capillary pressures. Whereas the dynamic meniscus 
region occurs around the stagnation point where the entraining forces and draining 
forces are in equilibrium. In constant thickness zone, the wet film achieves a given 
thickness. The dynamic meniscus and the flow of solution in this region determine 
the wet film thickness. The transition between the dynamic and static meniscus 
happens within the boundary layer. Beyond the boundary layer, the draining forces 
are significantly higher as compared to the viscous forces and the balance between 
the capillary and hydrostatic pressure governs the meniscus shape.

Dip coating typically has three different stages for drying, drying front during 
coating, the falling rate period and the constant rate period. The simplest drying 
stages are the constant and the falling rate periods. The constant rate period occurs 
within the constant thickness zone which involves the evaporation of solvent at 
the surfaces of wet film across whole area. The only exception is the edges of the 
substrate, where the drying front occurs. Over the time after deposition, most of 
the solvents is evaporated from the wet film and left a gel-like film. This is when the 

Figure 3. 
Different regions during dip coating film formation.
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falling rate period starts. In falling rate period, small amount of solvent left trapped 
within the gel material and the evaporation is determined by the diffusion of sol-
vent towards the surface. The drying front appears at the interface between the wet 
film and substrate. Due to the large surface to volume ration, the evaporation occurs 
much faster at the surface which leads to the formation of a wet film with higher 
concentration. The more complex drying stage occurs at the drying front.

Several theoretical formulas were established to predict the thickness of deposited 
films, such as the Landau-Levich theory, via the following equation:
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= ; η, δ , and ρ  denote 
viscosity, surface tension, and the density of coating solutions, respectively; U  is 
the withdrawal speed and g  is the gravitational acceleration constant [5].

4. Spray coating

In recent years, spray coating has emerged as a viable approach for low-cost 
deposition of solution-processed thin films. Spray coating is a large-area, high-
throughput, inexpensive, and industrially scalable process that can be used to create 
thin films of material which conform to the shape of the substrate. Spray coating 
involves ejecting fine liquid particles of smart materials by a jet stream of carrier 
gas onto the substrate as illustrated in Figure 4. Spray coating is a contact-free 
approach suitable for any substrate material and is particularly appropriate for low 
temperature processing [6]. The dynamics of spray droplet impingement on a sub-
strate surface is a complex fluid mechanics problem subjected to different details, 
such as spreading, splashing, rebounding, coalescence and interaction with other 
droplets, drying phenomena, wetting/dewetting, and etc. Substrate properties such 
as roughness, permeability and surface energy also contribute significantly towards 
the droplet spreading and surface wetting. Spray coating on a permeable and rough 
surface hinders droplet spreading and increases the chance of splashing. Solution 
absorption by the substrate may also slow down droplet spreading. Therefore, 
droplet impact dynamics, such as droplet size and velocity, requires adjustment 
to enhance spreading and surface coverage on rough and permeable surface. The 

Figure 4. 
Schematic of spray coating.
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functionality of deposited thin film has a direct dependence on structure, morphol-
ogy, roughness, and integrity of the stacked thin solid films [7].

The atomization process involves liquid breakup by the application of mechani-
cal energy, which results in the production of a spray consist of micron-size drops. 
The solution characteristics such as liquid–vapor surface tension, viscosity, and 
density has direct influence on the atomization process. Atomization takes place 
when the dynamic pressure of an external force normally applied by a gas exceeds 
the internal pressure of the liquid droplet. These properties also affect morphologi-
cal uniformity of deposited thin films. The increase in density hinder the movement 
of particulates and improve the morphological uniformity of a sprayed film [6].

Thin film formation by spray coating can be achieved by two different routes: 
one is by a drop-by-drop film formation approach, where the thin solid film is 
grown by impingement of a large number of individual droplets on the substrate 
surface that dry upon impact to cover the entire area. In second approach, the film is 
formed by immediate merging of impacted droplets and converted to a liquid film 
and to a solid film upon drying. The desired good quality solid film can be grown 
through drying of a liquid film if the spray process conditions such as the spray 
flow rate, and substrate temperature are optimized [7]. The influence of different 
experimental parameters on the thin film growth via spray coating is discussed 
as follow.

Effect of nozzle tip speed and solution precursor flow rate: The spray nozzle is 
not only deliver a mass of the solution to the substrate but also contributes towards 
the film characteristics as well by defining the number density, and size of the 
impinging droplets. The nozzle speed, nozzle height (distance from substrate), and 
flow rate (FR) (i.e., rate of liquid ejection from the spray nozzle) are closely related 
as they control the amount of liquid deposited per unit area [6, 7].

Effect of Number of Spray Cycles: Increase in the number of spray cycles 
considerably enhance the surface coverage and increases the film thickness. 
However, the influence of the number of spray cycles on film roughness is subjected 
to the substrate temperature. The application of the second spray cycle results in a 
smoother film, as the second layer generally covers up the cavities, pinholes, and 
defects of the first layer. This hypothesis is correct for low substrate temperatures. 
However at high substrate temperature, droplets of the first cycle are dried quickly 
and left behind a layer or film with irregular structure or grains. The forthcoming 
droplets from second spray cycle on rough layer at high substrate temperature dry 
quickly before they can spread and cover up the defective site and non-uniformities 
produced by the first layer [7].

Effect of Substrate Temperature: In general, the effect of substrate temperature 
on film characteristics depends on physical properties and evaporation rate of the 
precursor solution. Fabrication of a thin film at a high substrate temperature is 
determined by the balance between the heat transfer, droplet dynamics, and mass 
diffusion. The solvents are usually evaporated quickly, once the solution droplets 
impact on a hot substrate surface. Thus, there is a short time for droplet to spread 
and coalescence hinder surface wetting and complete coverage. At high substrate 
temperature, the precursor solution viscosity increases rapidly and further hinders 
droplet spreading. Despite the disadvantages of high substrate temperatures, the 
high temperature treatment can reduce the coffee ring effect and enhance high 
supersaturation with fast precipitation, which in turn can lead to the formation 
of well distributed and uniformly textured layers from each individual droplet. 
Therefore, a moderate temperature range can form a compromise between these 
two opposing effects (adequate and efficient coalescence and merging of impacted 
droplets on the substrate and timely evaporation and precipitation) may enhance 
the quality of the film [7].
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Effect of Substrate Type: Regardless the substrate temperature, the coverage 
of films on regular surface is poor, due to limited spreading on rough substrates 
surface which leads to the higher film roughness, and the lower thickness is com-
pared to the films made at the same condition but on the smooth surface. A large 
amount of the deposited precursor solution is consumed to fill the surface rough-
ness and results in much less surface and higher non-uniformity and thickness. 
Implementation of a second spray cycle, however, can improve the coverage of 
coatings on rough substrate surface [7].

Effect of Substrate Vibration: To boost droplet coalescence and wetting process, 
the precursor solution is sprayed on substrate placed on an ultrasonic-assisted 
vibrating surface. A significant improvement in surface coverage, and films uni-
formity is observed when a vibrating substrate is employed. Substrate vibration 
improves coalescence and spreading of the impinging solution droplets, before 
being completely dried out. The impact of droplets onto a vibrating surface also 
results in further droplet breakup into several smaller droplets [7].

Distance between the nozzle and substrate: Some solvent boiling point is too low 
(63°C), the spray solution can dry before reaching the. It results in a thin film with 
relatively large density of pinholes and thickness variations, and the interface defect. 
Therefore, a proper nozzle-to-substrate distance is of great importance. The distance 
is determined by the solution properties, temperature of substrate and droplet size [8].

5. Inkjet printing

Inkjet printing is a relatively novel process compared to industrial printing and 
other thin film coating technologies. Inkjet printing involves delivering of a small 
volume of a fluid material, typically in the picoliter to nanoliter range, onto the sub-
strate surface [9]. Inkjet printers comprises of three basic parts, the motion stage, 
control systems attached with the print heads, and vision system. The printer heads 
are connected directly to the cartridge filled with solutions. Inkjet printing systems 
typically require three mechanical degrees of freedom, one rotational (θ stage) 
and two translational (X and Y stages) to generate 2D patterns align with previ-
ously printed patterns and realize facilely stacked structures. The vision system is 
employed for substrate alignment and to observe ejected droplets in flight to moni-
tor the droplets. Whereas, the control systems is used to optimize the stage and the 
printer head temperature, which can directly influence the substrate temperature 
and the dropping velocity, respectively [10].

Two different approaches are used to translate ink on the substrate surface: 
thermal and piezoelectric approach as depicted in Figure 5. The print cartridges 
consist of a series of tiny chambers and each chamber is attached with a heater over 
the nozzle. In case of thermal printing approach, a pulse of current is applied to the 
heater which leads to a rapid vaporization of the ink and build up pressure which 
push the droplet of ink out of nozzle [11]. The internal temperature creates a bubble 
in the cartridge and facilitates the single droplet formation of ink out of the nozzle 
via volume expansion. The negative pressure inside the cartridge after the droplet is 
ejected, draws new ink inside the reservoir [10]. In piezoelectric approach, the ink is 
ejected out from a nozzle through a sudden quasi-adiabatic reduction of the cham-
ber volume via piezoelectric action. In the initial state, the ink in the printer head 
is in equilibrium state. Upon applying a voltage pulse signal to the piezoelectric 
element, the ink is ejected out due to the volume expansion inside the printer head. 
As the kinetic energy overcome the threshold, an in-flight droplet is generated and 
flights towards the target surface. In the sequentially applied opposite voltage, the 
ink in the printer head refills, and the whole process is repeated.
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Several thousand droplets are delivered to substrate in every second and pinter 
head also moves at the same time. Thermal printing is simple in design and low 
cost approach, however, it is confined to vaporizable inks to form bubble. The 
elevated operating temperature makes it inappropriate for polymer-based printing. 
Therefore, piezoelectric printing is widely used than thermal printing [12].

Ink viscosity and surface tension are crucial parameters during inkjet printing 
process. The low value of viscosity is required to allow the ink to fill the chamber 
as well as nozzle and the high surface tension enough to hold the ink in the nozzle 
without dripping [13]. To create droplets via thermal nozzles, the inks must be heat-
compatible and sensitive to the volume contraction/expansion depending on the 
temperature. The piezoelectric nozzles contain a piezoelectric film along the wall of 
a reservoir. The deformation of the film generates the mechanical volume expansion 
in response to applied voltage pulses and as result the ink is ejected in response to 
the pressure generated by the piezoelectric element [10]. Typical inks used with 
a piezoelectric printing require a viscosity of 0.5–40 cp and a surface tension of 
20–70 dyne/cm as the piezoelectric transducer only generates limited power, and 
printing high viscosity ink is difficult [14]. The piezoelectric nozzles have relatively 
better resolution and require lower temperature, which enables more precise 
operation to deposit thin film and do not suffer from ink degradation concerns and 
temperature-sensitive solvent choice. However thermal nozzles are typically less 
expensive and widely used in commercial printers [10].

Stable drop formation without satellite droplets after ejection from the nozzles 
is also important to obtain well-defined printed patterns on a substrate. The droplet 
velocity and volume are strongly depend on the pulse width and amplitude. The 
size of the droplets increases linearly with the size of the nozzle. However, the fine 
droplets generates high resolution and high surface morphology of final printed 
film. Usually nozzle size, droplets shape and fly direction are determined by the 
manufacture company and these parameters depend on the composition of the ink, 
especially on the solvent. Surface tension and viscosity are the primary physical 
properties that determine the shape and droplet-tail of in-flight droplets, and satel-
lite droplet formation [10].

6. Summary

Spin coating, dip coating and spray coating are very common techniques and 
widely used to deposit thin films in research laboratories as well as industries. The 

Figure 5. 
Schematic of inkjet printing (a) thermal printing. (b) Piezoelectric printing.
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spin coating is one of the important route for lab scale due high reproducibility and 
its suitability over a wide viscosity range. It is a quick and easy approach to grow 
uniform film at small scale from a few nanometers to a few micrometers in thick-
ness. However, it is not suitable for scale up in industry due to its high material con-
sumption and the restriction to large area. Dip coating is a commonly used method 
for mirror coating and dye processing as it can provide easy and fast deposition 
thin films over a large area. The key advantages is the large area processing and the 
thickness of film can be controlled by withdraw speed and viscosity of solution. 
Dip coating requires a high volume of coating solution and large tanks. Despite of 
long deposition life (several months) only about 20% of the solution can be used. 
The spray coating technique is able to access a broad spectrum of fluids, and offers 
the opportunity to tune the system to deposit any kinds of solution and obtain the 
desired film thickness. It is reproducible, and have great potential for large scale 
production. Inkjet printing is a powerful and cost-effective technique for deposi-
tion of liquid inks with high accuracy. The special characteristics offered by inkjet 
printing includes additive patterning, reducing materials consumption, non-contact 
deposition, low cost and capability of large area. Moreover, inkjet printing is 
capable of deposition a given material on a substrate that has pre-existing patterns, 
where contamination or damage of patterns would be induced with other deposi-
tion processes. However, to deposit materials on substrates, the solution or ink must 
be compatible with the print head and the viscosity should within a specific range.
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Abstract

TiO2 films were deposited by the sol–gel dip coating method assisted by ultra 
sonic agitation, for their use as propane gas sensors. XRD anlaysis revealed the TiO2 
anatase phase for all samples. The film thickness was controlled with the number 
of the dip-coating immersion cycles, obtaining thicknesses from 10 to 130 nm and 
a growing rate of 18 nm per immersion. Surface morphology shows that films grow 
more compact and densely packed as the number of immersion cycles increase. Gas 
sensing studies indicate that work temperatures above 300°C are needed for sensing 
activation of the films. Gas sensors sensitivity as a function of propane concentra-
tion and film thickness revealed a two-regime behavior: for partial pressures of 
propane above 400 ppm the sensitivity is not dependent of the film thickness, 
whereas it is dependent on this parameter at lower partial pressures. Such behavior 
is attributed to a space charge region and a change in surface structure. For the low 
concentration regime, the maximum sensitivity was obtained for a film thickness of 
110 nm or 5 inmersions.

Keywords: titanium dioxide, thin films, sol–gel, gas sensors

1. Introduction

Propane gas, found in natural gas and produced in the petroleum refining 
process among other alkanes, is widely used as combustible in the whole world. 
Propane is one of the main components of the liquefied petroleum gas, which is 
distributed to homes and buildings for water heating systems and cooking; it is also 
distributed by fuel stations to be used in transport vehicles, included public trans-
port. Due to its low cost in the last years the use of natural gas as fuel has increased. 
Propane is used in power production plants as well as a precursor to chemicals 
such as isopropyl alcohol and silicon carbide [1, 2]. Because of propane economical 
importance, its increasing use as power source and its explosiveness in presence 
of oxygen, it is necessary to detect and control accurately its presence in public 
buildings, homes and industry. Such task implies the development of several sens-
ing mechanisms, control valves and pipes. Because of this, several propane sensors 
have been developed and, among many others, those based in changes in electrical 
conductivity are some the most promising; however, there is still too much work to 
do when it comes to sense propane in more cheap, accurate and quick ways.
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Metal oxides such as NiO, ZnO, SnO2 and TiO2 are widely used in several appli-
cations, in particular as gas sensors based in electrical conductivity modification; 
among them titanium dioxide is one of the favorites. Because of its large dielectric 
constant, its chemical stability, its durability, its biocompatibility and its band 
gap, titanium dioxide has been exploited to build capacitors for microelectronic 
systems [3–5], optical materials, including white paint and sunscreen, photocata-
lytic systems [6–8], and have given it, potential applications in medicine due to its 
antibacterial properties [9, 10]. TiO2 and the metal oxides mentioned also changes 
its electrical resistance as a function of the chemical composition of its surrounding 
atmosphere, making them suitable for gas sensing [11, 12].

Titanium dioxide gas sensing properties have been widely studied and 
modified by doping it with metals and supported catalysts such as Pt [13–15]. 
Still, several efforts have to be done to produce more effective gas sensors: 
since they present disadvantages in response and recovering times, and in gas 
selectivity. Thus, studies on the response of these oxides must be realized in 
order to determine particular responses for each gas and improve, in this way 
their selectivity. Titanium dioxide response to CO, CH4 and H2 has been studied 
[16–19] and in some articles the response to alcohols such as ethanol, methanol 
and propanol has been reported [20–22]. In the literature, few works report 
about the response of the electrical conductivity of titanium dioxide, when it is 
exposed to propane gas [23].

Many synthesis routes have been used to obtain titanium oxide, either as a powder 
and as a thin film. Some are complex and expensive as is the case of sputtering and 
electron beam deposition [24, 25]. Some others are cheap and easy to work with, as 
is the case of spray pyrolysis, spin coating, dip coating and chemical bath deposition 
[26–29]. Also, new techniques or modified versions of the existing techniques are 
being explored, as is de case of the sol–gel ultrasonically assisted that has been used to 
obtain pure rutile phase powders and to obtain smaller grain sizes and larger surface 
areas when compared with the standard sol–gel technique [30, 31]. This last result is 
promising for gas sensing, since the sensor sensitivity depends directly on the surface 
area, it can be expected that more sensitive sensors can be made by synthesizing with 
ultrasonic assistance.

Therefore, in this work it TiO2 films are obtained by the dip-coating method 
using the ultrasonic assistance during the crystal growth stage. The film thickness 
and work temperature are used as variables to explore the response to propane gas at 
different concentrations. The surface morphology is studied for different inmersion 
cycles and the crystalline structure is analyzed by x-ray diffraction.

2. Experimental

Titanium dioxide films were grown on glass substrates. Previous to deposi-
tion, substrates were cleaned in an ultrasonic bath with soap water, methanol and 
acetone, in an ultrasonic bath, and were dried under nitrogen gas flow. The start 
solution was prepared from two separated solutions (A and B). Solution A consisted 
of 1.04 ml of titanium isopropoxide dissolved in 10 ml of alcohol; while solution B 
consisted of 0.14 ml of deionized water dissolved in the same amount of alcohol. 
Once obtained, solution B was dropwise added to solution A while ultrasonically 
stirring, finally 0.4 ml of acetic acid was added to maintain a neutral ph. The solu-
tion was ultrasonically stirred for 10 min after both solutions were mixed.

A set of seven TiO2 films with different thickness was produced by immersion 
of glass substrates in the starting solution. The films thicknesses was controlled 
with the number of immersion cycles, each cycle consisting of an immersion and 
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extraction of the substrate in the solution at a speed of 0.122 cm/s. All samples 
were dried for 10 min in a furnace at 400°C after each immersion cycle. Once all 
cycles were carried out, samples were treated at 400°C for 3 hr. TiO2 thin films with 
different thickness were obtained systematically after 1 to 7 immersion cycles.

Film thicknesses were determined using both a Bruker Dektak XT profilometer 
and a Filmetrics F20 analyzer. The F20 was operated from 380 to 1100 nm and an 
ultra clean glass substrate was used as a reference. The crystalline structure was 
determined by X-ray diffraction analysis using a Bruker D8 diffractometer with 
a CuKα (1.54056 Å) wavelength, at an incidence angle of 1° and varying 2θ from 
20° to 80°, and a recording time of 1.5 hrs to reduce noise. The X-ray diffraction 
patterns were interpreted in reference to the PDF card: 21-1272 from the ICCD 
data base. Samples surfaces were analyzed with a LV 5600 JEOL Scanning Probe 
Microscope operated in tapping mode.

Sensitivity tests were performed in a vacuum chamber equipped with a 
mechanical vacuum pump, a temperature-controlled sample holder, and a propane 
gas inlet; tungsten wires were used to establish a series connection of the sensor 
with a Keythley 2001 multimeter used to measure changes in sensors electrical 
resistance. Diagrams of the sensing chamber have been reported elsewhere [32]. 
Previous to start the sensing tests, two silver contacts were painted on films surface 
to allow a direct measurement of their electrical properties. To control samples 
temperature the sample holder is equipped with an electrical resistance as heater 
and a K-type thermocouple, both connected to a temperature controller. Sensors’ 
temperature was set to take values of ambient, 100°C, 200°C and 300°C. At each 
temperature electrical resistance was recorded at different propane concentra-
tions: 0%, 1%, 10%, 50%, 100%, 200%, 300%, 400% and 500%.

In order to study sensors sensitivity as a function of film thickness, sensitivity 
was obtained through the following equation:

 o

o

R R
S

R
−

=   (1)

Where S is expressed in percentage, R is the electrical resistance of the film 
in presence of propane gas and Ro is the resistance registered at 0% of propane 
concentration.

3. Results and discussion

3.1 Film thickness

Table 1 presents the results of film thickness measurements obtained by both 
optical and mechanical profilometry. In some cases, film thickness could not 
be measured by mechanical profilometry because of a substrate deformation, 
attributed to mechanical stress generated after the annealing process. However, 
the values obtained are in the same range as those obtained by optical profilometry 
(20–150 nm); thus, giving support to the values obtained optically. Such support 
is needed since optically obtained values are generated from a theoretical model of 
the reflectance spectra generated during tests; these values range from 23 to 134 nm 
and have a correlation coefficient above 0.99, indicating an appropriate modeling 
and determination of film thickness. Because of this, the values obtained optically 
are used in the following analyses.

When plotting film thickness of TiO2 as a function of immersion cycles an 
increasing trend with a linear behavior is obtained (Figure 1). The values varied 
from 22 nm to 130 nm and the linear fit yields a deposition rate of 18 nm per 
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immersion cycle. When comparing our results to those reported by Hossein [21], 
where TiO2 films were grown by the same method, a difference in film thickness is 
observed. Such difference is attributed to a larger solution molarity used by Hossein 
(0.4 M), that implies a larger number of particles available at the interphase for film 
growing.

It is well known that the electrical resistance of chemical gas sensors changes 
because of the exchange of charge carriers between the film surface and the che-
misorbed species. Since the surface to volume ratio increases as the film thickness 
decreases, the amount of chemisorbed species, as well as the number of exchanged 
charge carriers, becomes larger than the number of charge carriers produced 
intrinsically in the bulk. At this point the output signal of the sensors becomes a 
function of the film thickness. Due to this effect and to the great control of film 
thickness obtained by this method, it could be possible to produce sensors with an 
optimized response. Considering that film thickness also depends on the solution 

Number immersions Profilometry (nm) Filmetrics (nm)

1 — 23.73

2 48.6 49.80

3 87.0 60.74

4 137.4 74.32

5 142.9 108.40

6 150.0 112.00

7 — 133.80

Table 1. 
Results of the film thickness of TiO2 samples, measured by profilometry and optical methods, as a function of 
the number of immersion cycles.

Figure 1. 
Relation between the film thickness and the number of immersion cycles. A linear trend is obtained with a 
growing rate of 18 nm/cycle.
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molarity, which is due to the larger number of particles available close to the sub-
strate surface, it is left for further work to analyze sensors response as a function of 
this parameter in order to optimize the deposition conditions.

3.2 X-ray diffraction

Figure 2 shows the X-ray spectra obtained for selected samples. In all spectra 
it is observed a diffraction peak at 2θ = 25.23° indicating the presence of a crystal-
line structure corresponding to (101) planes of TiO2 anatase structure, accord-
ing to reported data in PDF 21-1272. Diffraction peaks corresponding to other 
titanium dioxide phases were not obtained. Given the deposition process, lattice 
distortions could be expected; however, from the lack of displacement of the dif-
fraction peaks it can be inferred that there are no such distortions. This indicates 
that the temperature and annealing time were adequate. Such results agree with 
others reported elsewhere, where the anatase structure is obtained when heating 
TiO2 films at 400° [33–35].

3.3 Surface morphology

2D and 3D atomic force micrographs of samples growth with one, three and five 
immersion cycles are displayed in Figure 3. From these figures it can be observed 
that the film growth becomes more compact and densely packed as the number 
of immersion cycles is increased; being the average grain size measured from the 
sample presented in Figure 3e and f of 50 ± 10 nm. Such differences in surface 
structure are of great importance for sensors behavior, since they are correlated to 
the exposed area, the number of available chemisorption sites, and the change in 
electrical resistance. The compactness of films also implies a better charge carrier 
transport because of the increased contact surface and the reduced spacing between 
grains. The observed surface structure will be used in the next section in order to 
explain the sensors behavior.

Figure 2. 
XRD patterns from samples with different number of inmersions.
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3.4 Sensing properties

Figure 4 shows graphs corresponding to samples grown with 1, 3, 5, and 7 
immersions. In these graphs resistance versus gas concentration is plotted at 
different work temperatures. When analyzing the results it is observed that at 
temperatures of 200°C and below, changes in electrical resistance due to an increase 
of propane gas concentration are negligible and it can be considered as constant; 
however, when working at a temperature of 300°C all samples present important 
changes in electrical resistance, whose differences can be of an order of magnitude. 
As can be seen from all graphs, when temperature changes from 200 to 300°C, a 
drop in electrical resistance is obtained at a propane concentration of 0%; such 
drop is due to a thermal activation of electrical conductivity where a large number 

Figure 3. 
2D and 3D AFM micrographs of TiO2 thin films with one (a, b); three (c, d) and five immersion (e, f). cycles.
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of electrons are released into the conduction band. Further changes in electrical 
resistance are due to the interaction of propane gas with the films surface. Since 
all samples present the same behavior, the work temperature of 300°C will be 
used in the following analyses; however, it will be left for further analyses to find 
the minimum temperature at which the drop occurs, in order to minimize sensors 
power consumption.

Based on the n-type conductivity reported for the anatase structure of TiO2 
[36], the reduction of the electrical resistance of the films when they are in pres-
ence of propane can be attributed to an injection of electrons in the conduction 
band. This can be explained by the detection mechanism proposed by Kerlau [37], 
based on the studies of K. Cheng et al. [38], where propane molecules interact with 
lattice oxygen (O*) to form isopropoxyde and H-O* bonds, as it is explained by the 
following equation:

 C H O C H O H O∗ ∗ ∗+ → + −3 8 3 72   (2)

Where the partial reaction between hydrogen and the lattice oxygen produces 
an extra electron that becomes trapped by the positive neighboring titanium atoms, 
and it is released into the conduction band by thermal excitation:

 ( )H O Ti H O Ti∗ + ∗ ++ + → − +4 3   (3)

The released electron contributes to increase the electrical conductivity, since it 
is a function of the number of free charge carriers, thus, diminishing its electrical 
resistance.

Figure 5a shows graphs of the sensitivity, as defined in Eq. (1), as a function of 
propane concentration in parts per million (ppm). As can be seen, in the range that 
goes from 5 to 300 ppm the sensor produced with five immersion cycles present the 
highest sensitivity and at higher propane concentrations sensors sensitivity tend 
to have the same values. A different perspective of this behavior is presented in 
Figure 5b where the sensitivity at the same propane concentration is plotted versus 
the number of immersion cycles. In this figure it is observed a dependence of the 

Figure 4. 
Resistance as a function of propane concentration for different work temperatures. At 300°C changes in 
resistance become important. Inserted charts show the same behavior in all sensors.
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sensitivity not only as a function of immersion cycles (film thickness), but also as a 
function of propane concentration.

Based on the last, a two-regime behavior can be proposed: one at concentra-
tions in the range that goes from 5 to 300 ppm and the other at concentrations 
above 300 ppm. In the first regime, or the low concentration regime, the values of 
sensitivity present a strong dependence of film thickness: a diminishing trend at a 
film thickness smaller than 60 nm, a maximum peak around 90 nm, and another 

Figure 5. 
Sensors sensitivity for the different films produced as a function of (a) propane concentrations and (b) as a 
function of the number of immersion cycles at different propane concentrations.
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diminishing trend at higher film thickness. In the second regime, or the regime 
of high concentrations, the sensitivity depends no more of the film thickness and 
presents a constant value for different film thickness.

The low concentration regime might be explained by the presence of a space 
charge region (SCR), generated by adsorbed particles at the sensor surface, and the 
surface morphology of the samples. Since positive hydrogen atoms are adsorbed at 
the surface, their electric fields bend the electronic state energies of titanium oxide 
towards lower energies (Figure 6). This band bending is projected into the material 
and becomes less important as it goes deeper into the film. This is due to the decay-
ing electric field tendency, which means that the energy E of free carriers in the 
conduction band changes with depth as:

 C n
AE E
r

= −   (4)

Where Ec is the energy at the edge of the conduction band, A and n are constants 
that depend on crystal structure and number of chemisorbed particles, and r is the 
distance from the surface. If the film thickness is small enough to be comparable 
in magnitude to the depth of the SCR, the contribution of the SCR to the electrical 
conductivity of the film becomes dominant and depends directly on the number of 
adsorbed atoms.

Based on this, it is expected a diminishing trend of sensitivity with immersion 
cycles, for every cycle increases films thickness and reduces the contribution to elec-
trical conductivity of the SCR. This explains the behavior up to 70 nm (4 immersion 
cycles); however, it does not explain the behavior at larger film thickness. The peak 
at 5 immersion cycles followed by a diminishing trend in sensitivity is attributed to 
a combined effect of the SCR and changes in surface structure. According to AFM 
images, the compactness of films with larger thickness and their more uniform 
distribution of grains result in a better electrical contact among crystallites, not 
only in the bulk but also at the surface. Since electrical conduction is given in the 
surface due to the SCR, a more uniform surface allows a larger amount of charges at 
the interphase and a conduction path with an inferior amount of dislocations and 
vacancies contributing to diminish carriers’ mobility. Since the change in surface 
structure allows a more adequate interaction of the sensor with the gas it is expected 
an increase in sensors sensitivity, and, thus, the peak observed at five cycles. This 

Figure 6. 
Energy band diagram as a function of the film thickness. The chemisorbed proton H+ bends the energy bands 
towards lower energies, this bending known as the space charge region (SCR), becomes less important as it goes 
deeper in the film; at large film thickness the band gap equals that of the bulk.
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behavior is given in samples with a larger thickness than 110 nm but, since the influ-
ence of the SCR diminishes with the thickness, the diminishing trend is maintained 
for a larger number of immersion cycles.

The high concentration regime, where sensitivity becomes independent of film 
thickness is explained by the saturation of the surface by the adsorbed species. 
According to Langmuir theory the number of adsorbed species is a function of gas 
partial pressure. This means that at high propane concentrations the number of 
adsorbed species is large enough that the contribution to the electrical conductivity 
due to differences in surface area is negligible. In this regime sensitivity depends 
only on propane partial pressure.

4. Conclusions

Seven titanium oxide gas sensors were produced on glass substrates by the 
ultrasonically assisted dip-coating method, using a 0.17 M solution of titanium 
isopropoxide and an immersion speed of 0.122 cm/min. Film thicknesses ranged 
from 20 nm to 150 nm with deposition rate of 18 nm per immersion. From X-ray 
diffraction analysis, sensors annealed at 400°C for 3 hrs a polycrystalline structure 
corresponding to the TiO2 anatase phase.

Propane sensing tests indicate that work temperatures of 300°C cause significant 
changes in electrical resistance of TiO2 gas sensors and is close to be the  smallest 
temperature at which sensors can detect propane presence. An analysis of the 
sensitivity as a function of the film thickness indicates a two-regime behavior where 
at concentrations above 400 ppm of propane the sensitivity becomes independent 
of the thickness. Sensitivity becomes dependent of film thickness at lower concen-
trations. Its behavior is explained by a contribution of a space charge region and 
a change in surface structure. Such behavior indicates that film thickness values 
close to 120 nm are adequate to sense propane at concentrations in the range of 5 to 
300 ppm of propane.
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