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Abstract

We systematically report synthesis, characterization and optical properties of ZnO-CuO-Al:03
semiconducting thin films on glass substrates in terms of preparation condition such as Cu content for gas
sensor applications. In this framework, the thin films were successfully fabricated by sol-gel dip-coating
technique using Zn, Cu and Al based precursors as starting materials. Transparent solutions were
prepared by dissolving the Zn acetate, Cu and Al chlorides in solutions of methanol and glacial acetic acid.
Turbidity, pH values, wettability and rheological properties of the prepared solutions were measured by
turbidimeter, pH meter, contact angle ganiometer and rheometer machines before coating process.
Turbidity, pH and contact angle values of the solutions were found to be approximately 34 ntu, 4.5 and
18°, respectively. It was determined that viscosities of the solutions slightly changed with increasing Cu
concentration. The measured gel points of Zn0-0, 5, 10 and 15% Cu0-Al203 solutions were approximately
determined as 4000, 3500, 3000 and 2500 sec, respectively. The ZnO-Cu0O-1 wt% Al:03 composite films
with 0, 5, 10 and 15 wt% CuO content were obtained on glass substrate by dipping and the gel films were
dried at 300°C for 10 min and followed by heat treating at 500°C for 10 min in air. This process was
repeated six cyclics to make thick films. The thick films were annealed at 600°C for 30 min in air. The
thermal, structural, microstructural, adhesion and optical properties of the coatings were extensively
characterized by using DTA-TG, FTIR, XRD, SEM-EDS, AFM, scratch tester, refractometer and
spectrophotometer. The annealing temperature, 600°C, can completely remove all templates from Zn, Cu
and Al networks and oxide crystalline structure is completely formed at this temperature. The spectrum of
Zn0-Cu0-Al203 precursor film heat-treated at 500°C and 600°C which shows an absence of absorption
bands corresponding to organics and hydroxyls indicating complete removal of organics and hydroxyls.
XRD study confirms that the composite films consist of ZnO and CuO phases after annealing process. SEM
reveals that dense structures are obtained by increasing CuO content in the composite films. It is clear
from EDS analysis that Zn, Cu and Al elements are present in the films and Al peak is very low because it
has 1% Al20s3 in the films. It was found that surface roughnesses of the films changed between 90 and 200
nm. The films prepared from 15% CuO have better adhesion strength to the glass substrate among other
coatings. Refractive indices of ZnO based sol-gel coatings usually lie within the interval 1.20-1.70. While
pure ZnO films has a high porosity, the porosity values of Zn0-5, 10 and 15% Cu0-Al;0s3 films decrease as
a function of CuO content. The film thicknesses for Zn0-0, 5, 10 and 15% Cu0-Al;03 were measured as 852
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nm, 478 nm, 518 nm and 695 nm using optical method respectively. The optical direct band gap energies
were found to be in the range of 3.18 to 3.15 eV for ZnO-CuO-1 wt% Al203 films including 0, 5, 10 and 15
wt% CuO content. The ZnO film shows the transmittance of the order of 44% while that of ZnO-Cu0-Al203
films was of the order of 55%. It is noticed that the ZnO film has higher absorbance in visible range of
spectrum.

©2012 Usak University all rights reserved.

Keywords: Zn0-Cu0-Al:0s films, sol-gel, semiconductivity, adhesion, optical direct band gap

1. Introduction

Now that zinc oxide (ZnO) films are n-type wide-gap semiconductors (3.3 eV) with
optical transparency in the visible range and it is possible to dope them conveniently,
ZnO films have been targeted as useful materials for developments of electronic and
optoelectronic devices such as transparent conductors, solar cell windows, gas sensors,
and surface acoustic wave devices [1-3]. As a gas sensor material, ZnO is used to detect
reducing gases such as CO and Hz [4]. In order to improve the sensitivity and selectivity,
Pd and Au are added on the surface of the sensor as additive materials. Besides, the
sensors are made in thick and thin films. Ever since the possibility of the CO gas
selectivity of p-n heterocontact sensors has been reported, the various forms of the
heterocontact sensors are also being tested, including mechanical contact type, thin film
type, and composite form [5,6].

Gas sensors that include semiconducting metal-oxides such as ZnO are found to be very
useful for detecting the toxic gases. The fundamental sensing principle relies on the
change of conductivity of the sensors when they are exposed to certain target gases at
moderate temperatures. Notwithstanding the fact that the mechanism of the gas sensing
is rather complicated [2], it is believed that the decrease in resistivity in n-type
semiconductor gas sensors as exposed to reducing gases results from the desorption of
oxygen absorbed on the surface and grain boundaries of metal-oxides at high
temperatures in air. One of the demands on the gas sensors is the low power
consumption. A low resistance material provides the lower driving power once it is used
as a sensor [7].

Composites of n-type ZnO are expected to show the reduced sensitivity due to their
opposite response to reducing gases, however, they show good CO gas sensitivity with
the controlled addition of Al. The Al doping into CuO is shown to reduce the electrical
conductivity of CuO and the reduced conductivity of CuO is proposed to be responsible
for the increase of the CO gas sensitivity of ZnO-CuO composite by increasing the current
through p-n junction. It was also demonstrated that the conductivity is controlled by
Zn0-CuO boundaries [5,6]. In addition, Al20s doped ZnO thin films are characterized as a
wide band gap semiconductor. It has an application such as gas sensors due to its low
conduction as compared to the single component oxide of ZnO and a lower power
requirement is needed for them. Co-addition of CuO and Al:03 develops p-type
conduction by reducing gas sensitivity of ZnO film. Al203 is shown to reduce the electrical
conductivity of CuO and the reduced conductivity of CuO is proposed to be responsible
for the increase of the CO gas sensitivity of ZnO-Cu0O-Al203 composite by increasing the
current through p-n junction. Conductivity is controlled by ZnO-CuO boundaries [8,9].
With regard of ZnO thin film with doping metal oxides, there are a few reports in the
literature, especially consisting of three Zn0O, CuO and Al20s.
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ZnO-based thin films can be deposited by a number of different techniques like radio-
frequency magnetron sputtering, dc and ion beam sputtering [7], reactive evaporation,
spray pyrolysis [8], metalorganic chemical vapor deposition (MOCVD) [10] and sol-gel
[11]. As one of the alternative approaches, sol-gel technique has drawn much interest in
preparing thin layer ceramic materials from a liquid precursor solution and also has
several advantages in producing thin films suitable for the gas sensor, such as
inexpensive, simple facilities relatively homogeneous composition, easy control of film
thickness and fine and porous microstructure [4,11,12]. In addition to these advantages
of the sol-gel process, the thin films can be prepared on a large surface and long-length
tapes [11]. The films with preferential c-axis orientation can be easily obtained even on
glass substrates. In the sol-gel process, oxide films are obtained by post-deposition
crystallization. As-deposited films are amorphous states and must be transformed into
crystalline states by post-annealing. There are many factors the crystallization behavior
of the films such as substrates used, solution chemistry (structure of sols and chemical
and thermal stability of organic compounds involved), heat treatment conditions
(temperature, heating rate and atmosphere) and so on. When the sol-gel derived as-
deposited films are annealed, the resultant oxide films generally exhibit random
orientation of crystalline grains because of nucleation and crystal growth in bulk of films
[13].

In the present paper, we emphasized on a detailed account of characterization and optical
properties of Zn0-Cu0-Al.03 semiconducting thin films on glass substrate synthesized by
sol-gel dip-coating technique using solutions of Zn, Cu and Al based precursors, solvent
and chelating agent. This research serves six main purposes: (a) solution characteristics,
(b) determination of heat treatment regimes, (c) structural features (d) surface
properties, (e) adhesion and (f) optical behavior. According to this aim, turbidity, pH
measurement, wettability and rheological properties of the prepared solutions were
determined since solution preparation and processing have a large influence on final
properties of films. In this context, the present contribution is devoted to optimization of
the preparation by sol-gel of ZnO-Cu0-Alz20s3 films with different CuO contents. In order to
define chemical structure and reaction type of intermediate temperature products and to
use suitable process regime, Differential Thermal Analysis-Thermogravimetry (DTA-TG)
and Fourier Transform Infrared (FTIR) devices were used in the film production.
Structural analysis of the produced films was performed by using multipurpose X-Ray
Diffraction (XRD) and surface morphology was investigated using Scanning Electron
Microscopy-Energy Dispersive Spectroscopy (SEM-EDS) and Atomic Force Microscopy
(AFM). Adhesion properties of ZnO-CuO-Al203 composite films were determined by
scratch tester. Optical properties of the produced films were investigated using
refractometer and spectrophotometer devices.

2. Experiment Procedure
2.1. Solution Preparation

The sol-gel films were obtained by simplified sol-gel method using metal based
precursors. For this process, zinc acetate dihydrade (Zn(CH3C00)2.2H20), copper
chloride (CuClz) and aluminum chloride (AlCl3.H20) precursors (High Pure Material tri
Chemical Laboratory) were used as received. The precursors were weighted out in fume
hood and the solutions were then prepared using Zn, Cu and Al alkoxides or salts, solvent
and chelating agent. Precursor materials were dissolved in 40 ml of methanol in separate
250 ml round-bottomed flasks for a thorough atomic-scale mixing. Glacial acetic acid was
then added into the prepared solutions as chelating agent. The resultant solutions were
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mixed and refluxed at room temperature for 60 min in order to yield clear and
homogeneous solutions (see Fig. 1 for details). The stability of the process is set by
control of the hydrolysis and condensation reactions such they take place only when the
solutions dries, solvent is lost or temperature is elevated.

In order to much better understand solution characteristics which affect thin film
structure, turbidity, pH values, wettability and rheological properties of the prepared
solutions were respectively measured by turbidimeter, pH meter, contact angle
measurement and rheometer machines before coating process. Turbidity properties of
the solutions were measured to use standard solutions for coating process by VELP TB1
Model turbidimeter. Measurement range was taken in the range of 0 and 1000 ntu
(nephelometric turbidity unit). After preparation of transparent solutions, pH values of
the solutions were measured to determine their acidic and basis characteristics using a
standard pH meter with Mettler Tolede electrode. Wettability properties of the solutions
were determined by measuring their contact angle (6) using KSV Glass 100 Instrument
contact angle machine. In addition to pH value, wettability and turbidity properties,
rheological behaviour of the solutions including viscosity, gel point, shear stress, viscous
and elastic moduli was scrutinized by CVO 100 Digital Rheometer (Bohlin Instrument).

2.2. Coating Process

Prior to the coating process, glass substrates with dimension of 15 mm x 15 mm x 3 mm
were cleaned in acetone. The solutions were deposited onto the glass substrates by using
dip-coating technique at room temperature. The solutions were deposited on the
substrates by using a dip coating process with a withdrawal speed of 0.3 cm/sec and with
staying within the solution for 3 min. The temperature of solutions was kept at room
temperature in our laboratory. As demonstrated in Ref. [14], the dip coating involves the
formation of a film through a liquid entrainment process that may be either batch or
continuous in nature. The general steps include immersion of the substrate into the dip-
coating solution, start-up, where withdrawal of the substrate from the solution begins,
film deposition, solvent evaporation, and continued drainage as the substrate is
completely removed from the liquid bath. The film thickness formed in dip coating is
mainly governed by viscous drag, gravitational forces, and the surface tension. The as-
coated gel films were dried at 300°C for 10 min and subsequently heat-treated in an
electrical furnace at 500°C for 10 min in air. This heat treatment decomposed the
precursor film and oxidized it so as to produce ZnO-CuO-Al203 composite films. We
repeated 6 times of this film-making process. The thick multilayered Zn0O-Cu0-Alz203 films
were annealed at 600°C for 30 min in an electrically heated tube furnace to make them
polycrystalline. The compositions of the obtained ZnO-CuO-1 wt% Al203 films were 0, 5,
10 and 15 wt% CuO. The content of Al203 was held in a constant value. Nonetheless, the
content of ZnO was changed depending on CuO. Fig. 1 shows the flow diagram for ZnO-
Cu0-Al203 semiconducting thin films prepared sol-gel process using dip-coating method.
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Zn, Cu, Al precursors
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Zn0O-Cu0-Al,05; composite films
Fig. 1 Processing steps of sol-gel dip-coating technique
2.3. Characterization

Thermal behaviors of Zn, Cu and Al-based powders, which were dried at 150°C for 0.5
hours in air, were evaluated to gain decomposition and phase formation at a heating rate
of 10°C/min under oxygen atmosphere by using DTA/TG machine (DTG-60H Shimadzu).
Al203 powder was used as a reference material. The enthalpies of solvent removal and
combustion were obtained using TA 60WS Software of Shimadzu 60AH. This software
derived the enthalpies by calculation of total area under each peak with respect to the
base line from start to end temperature. FTIR (Perkin Elmer) absorption spectra were
measured over the range of 4000 to 400 cm~! at room temperature after the reactions in
the temperature range of 25°C and 600°C for 30 minutes in air. After preparing powders
at these temperatures, they were mixed with potassium bromide KBr. All of these five
samples were characterized by FTIR. % Transmittance-wavelength and % Absorbance-
wavelength curve can be obtained. According to the results, depending on temperature,
variation of organic component’s concentration can be determined by Fluka library
supplied by Perkin-Elmer.

XRD patterns of thin films were determined to identify phase structure by means of a
Rigaku (D/MAX-2200/PC) diffractometer with a CuK, irradiation (wavelength,
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A=0.15418 nm) by both 6-26 mode and 26 scan mode. Thin-film XRD geometry where
incident angle was fixed at 1° was used to collect data from only thin films. The surface
topographies and elemental analysis of ZnO-Cu0-Alz03 films were examined by using a
JEOL JJM 6060 SEM attached with EDS. Surface roughness of ZnO-CuO-Al20s3
semiconducting thin films on glass substrate was characterized by an atomic force
microscope (AFM) with model, Nanopics 1000 (NPX 100). AFM data, collected by
Tapping Mode imaging using a silicon tip with a radius of curvature less than 5 nm, were
computed from spectral analysis. AFM images were acquired using the intermittent
contact mode at a scanning frequency of 1 Hz. Intermittent contact mode, or ‘tapping’
mode, is preferred over contact mode for surface roughness measurements with the
AFM. The AFM measurements were performed in air. These silicon cantilevers support a
~6 um long, 12° conical AFM tip with a 10 nm radius of curvature.

Adhesion properties of Zn0-Cu0-Alz03 films were determined by SHIMADZU Scanning
Scratch Tester (SST-W101 Model). Scratch test is carried out to determine and analyze
the adhesion strength of a coating to a substrate. In the test, a diamond stylus scratched
over the coated surface with a constant speed under progressing normal load until a
critical force is reached, at which adhesion failure is detected. This critical load is used as
a measurement of the adhesion between coating and substrate. In this study, adhesion
strength of coatings was evaluated by using a scanning scratch tester with a 15 pm tip
radius diamond stylus. The applied load was 98 mN for all samples. During the test, a
stylus was drawn on coating surface with a sliding speed of 5 pm.s-! keeping scanning
amplitude of 10 um which perpendicular to the scratching direction at the same time.
Load was carried out progressively to the stylus with a loading speed of 2 pum.s-1. Friction
on the stylus increases with increasing load, which causes a delay in movement between
cartridge body and stylus. This delay is defined as a cartridge output.

Optical properties of the produced ZnO-Cu0O-Al203 films were evaluated using
refractometer and spectrophotometer machines. Refractive indexes of thin films were
measured at selected wavelengths in the VIS region by a high-accuracy Abbe
refractometer at room temperature. Refractive indexes were used to determine film
thickness, porosity and optical band gap values using V-530 JASCO UV/VIS
Spectrophotometer. Porosity of films can be calculated using refractive index as reported
in a research of A. Diaz-Parralejo et al. [15]. Notably, direct evaluation of thin film
porosity is not easy. To the best of our knowledge there are three expressions in the
literature for evaluating porosity in terms of the refractive index of the film. The simplest

P— (e8]

where P is the pore volume fraction, n the refractive index of the porous film, and nq the
refractive index of the film after full densification performed by using annealing process
at 600°C. A modification of Eq. 1 has been proposed in the form (Ref. [15] and references
therein):

n—n,n+n n®-1
=7 4 =1-— @)
-n,1+n, ng -1
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which is frequently reported in the literature. Finally, another widely accepted
expression for P is:

n?-1)ni+2
ni-1)\n*+2

P=1-

which is derived from the Lorentz-Lorenz expression [15].

Regarding optical band gap of ZnO-Cu0-Al20s films on glass substrates, it is well known
that in an amorphous material like glass characterized by indirect allowed transitions,
the absorption coefficient varies with the photons energy according to the Tauc's relation
[16]:

vehv =B(hv -E,,) @

where v is the frequency of incident photons, Eopt the optical gap, h the Planck's constant
and B a constant. The variation of (a«hv)'/2 as a function of the energy hv shows a linear
behavior near the band gap. The value of the energy band gap is given by the intercept of
the straight line with the energy axis. In addition to these, transmittance and absorbance
properties of Zn0O-CuO-Al:03 thin films on glass substrate by V-530 JASCO UV/VIS
Spectrophotometer with a blank piece of substrate in the reference beam.

3. Results and Discussion
3.1. Solution Characteristics

The sol-gel process can generally be divided into the following stages: forming a solution,
gelation, drying, heat treatment, annealing and so on. The key to synthesizing thin films
through this route lies in the formation of solutions and gels of high quality. Also,
optimum structural, thermal, microstructural optical and gas sensitivity properties are
directly related to solution characteristics such as turbidity, pH, wettability and rheology
because they present an important clue for further processing. At the first step of these
kinds of researches, some main problems like dissolubility and gelation/precipitation are
encountered. These problems strongly depend on turbidity, pH, wettability and rheology
of the solutions.

3.1.1. Turbidity

Turbidity which means the relative cloudiness of a liquid gives the optical characteristic
of suspense particles in a liquid. Light is passed through the sample and is scattered in all
directions. The light that is scattered at 90° angle to the incident light is then detected by
a photo diode and is converted into a signal linearized by analyzer and displayed as ntu.
The more suspended particles there are in a liquid, the more light will be scattered,
resulting in a higher ntu value [17].

With turbidity experiments, whether solutions are dissolved very well is understood as
ntu values before coating process. As stated before, the measurement range is between 0
ntu and 1000 ntu. It is interpreted that powder based precursors is completely dissolved
as turbidity value approaches to 0 ntu and they are not dissolved and some powder
particles are suspended in a solution as it approaches to 1000 ntu. The fabrication of
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homogeneous, continuous and thin film depends directly on turbidity value which is 0
ntu. Here turbidity tests were evaluated using Cu concentration in the solutions.
Turbidity values of the prepared solutions are listed in Table 1. Turbidity values of the
Zn0-Cu0-Alz20s3 solutions including 0, 5, 10 and 15% CuO were measured as 33.90, 33.70,
34.80 and 33.80 ntu, respectively. This effect of Cu concentration was not also quite
dependent on the ratio on account of the fact that the solutions had almost the turbidity
values. Turbidity was slightly affected by Cu concentration in the solution. Furthermore,
there is somewhat scatter in the results but the trends remains almost the same values
which mean low turbidity, indicating that the solutions are clear and transparent at room
temperature.

Table 1

Turbidity values of the solutions
Solutions Turbidity (ntu)
Zn0O 33.90
Zn0-5%Cu0-Al,04 33.70
Zn0-10%Cu0-Al,O3 34.80
Zn0-15%Cu0-Al,O; 33.80

However, after being heated to a certain temperature near the sol-gel transition
temperature, the transparent solution starts to become turbid, followed by the sharp
increase turbidity values. The solutions samples become completely opaque within a
narrow temperature range, and cloudy and solidified gel is formed. The behavior is
remarkably similar to the results presented by Y. Xu et al. [18]. The increase in turbidity
is believed to be due to the formation of large clusters or aggregates and eventually a gel
network structure during heating, which leads to the strong light scattering. It should be
true that the denser a gel network formed, the higher the turbidity value is. Gelation has
been extensively characterized by measuring clouding point using the turbidity values,
but in this study we were only interested in preparation of transparent solutions and it
will be explained it in rheological properties later. Based on these results, it can also be
pointed out that powder based precursors are dissolved in the solutions. It is striking that
films prepared from completely undissolved solutions are not homogeneous, continuous
and thin. As a result of this, optimum structural, thermal, microstructural optical and gas
sensitivity properties are not obtained by using undissolved solutions.

3.1.2. Acidic Characteristics

The sol-gel process involves the hydrolysis of an alkoxide or salt precursors under acidic
or basic conditions, followed by polycondensation of the hydroxylated monomers to form
a porous gel network. Afterwards, gel aging and drying can be conducted in order to
obtain densified solid matrices. The rate, extent and even the mechanism of the reaction
are profoundly affected and may be controlled by many factors such as pH,
water:alkoxyde ratio (R), type of catalyst, solvent and precursor, as previously noted by
P.C.A. Jer6nimo et al. [19]. The pH value of solutions strongly depends on these factors. In
our case, we exclusively found that the functional dependence is essentially identical to
that seen at these applications, showing that transparent solutions were obtained by
preparing with weak acidic conditions thereby concentrations of solvent and chelating
agent was remained at a constant concentration but Cu content was increased in the
solution. The pH values of the solutions were found to be in the range of 4.28 and 4.59 as
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shown in Fig. 2. The pH value of the solution slightly decreased as a function of Cu
content in the solution. In spite of the fact that the pH value of pure Zn based solution was
especially 4.28 on account of no Al precursor, the higher pH values were obtained
depending on CuClz concentration. Nevertheless, the interesting point is that the pH
values decreased depending on CuClz concentration because Cl content, which comes
from Cu- and Al-based chlorides, increased in the solutions. In agreement with the results
obtained with a research of M. Sheffer et al. [20], it can be noted that the pH changes
accelerate the condensation process, i.e., the polymerization, resulting in the deposition
of an insoluble film on substrate.

4,58 4

| |
4,551 \ \
4,28 -

10 15
Cu concentration (%)

pH values

oA
(92}

Fig. 2 The pH values of the solutions

It is worth mentioning that their pH value is a significant issue to determine transparent
solutions. Inasmuch as pH value of the solution is an important factor influencing the
formation of the polymeric three-dimensional structure of the gel during the gelation
process, it should be taken into consideration while preparing solutions. While ramified
structure is randomly formed in acidic conditions, separated clusters are formed from the
solutions showing basic characters. On the other hand, in acidic condition, the formation
and aggregation of primary particles occur together and that ripening contributes little to
growth after the particles exceed 2 nm in diameter. Developing gel networks are
composed of exceedingly small primary particles. In basic condition, the clusters (2-4 nm
in diameter) are formerly aggregated by the primary particles and these clusters are later
linked to form the gel networks [21]. The other factor is dilution of the solution using
solvent. The excess solvent physically affects the structure of the gel, because the liquid
phase during the aging procedures mainly consists of the excess solvent. The changes in
the gel structure at this stage partly influence the structure of the final film [22].

3.1.3. Wettability

In order to determine wettability properties of the prepared solutions, their contact
angles were measured as a function of Cu concentration in the solutions. Wettability
properties of the solutions give an important clue for further processes in the sol-gel
technique about how to produce crack-free, pinhole-free, continuous and textured films
before starting film fabrication. The properties of spreading liquid on substrate present
film quality. As demonstrated in Ref. [23], as liquid solution evaporates from the gel at
room temperature, the network of the gel becomes and then a solid-vapor interface
appears. This raises the energy of the system, because if solid-vapor interfacial energy
(ysv) is bigger than solid-liquid interfacial energy (ys.), that is ysv>ys., so liquid tends to
flow from the interior of the gel to the cover exposed solid. As it stretches toward the
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exterior, the liquid goes into tension, and this has two consequences: (1) liquid tends to
flow from interior along the pressure gradient; and (2) the tension is balanced by
compressive stress in the network that causes shrinkage. On the other hand, the driving
forces for shrinkage during drying of the gel coatings include stresses produced by the
chemical reactions, as well as osmotic, disjoining and capillary forces. During the drying
process, these stresses cause to cracks in thick films. Moreover, the balance of the
tensions at the point of intersection leads to a relationship between the surface tensions.
This is known as Young’s equation [23]:

Ysv = YsL T ¥y COSO (5)

If =0, the liquid is said to be a spreading liquid, and the solid will be covered with a
liquid film. When 6=0, crack-free films are produced owing to very thin gels on the
substrate. However, if 6>0, the solution liquid does not spread on the substrate. In that
case, thick gel films take place on the surface of the substrate and thus cracking occurs. In
our experiments, the contact angles for the Zn0-Cu0-Al203 solutions including 0, 5, 10
and 15% CuO were found to 18.01°, 16.01°, 17.02° and 21.38°, respectively. Since the
contact angles of the solutions approaches to 0° as given in Fig. 3, these results are
reasonable before coating process. Surface morphologies of the films strongly vary with
the sol nature influencing wettability, but in this study, all solutions were in the same
character except Cu concentration. A variation in the contact angles will be a result of Cu
content. Regardless of the contact angle of pure Zn-based solution, 18.01°, the contact
angle slightly increases when increasing the Cu concentration in the solution, reaching a
value around 21.38°. These small variations were elucidated as a function of Cu
concentration. The effect of this observation can be confirmed from microstructure of the
film, as will be mentioned later.
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Fig. 3 (a) Contact angle values of the solutions and (b) contact angle position of the ZnO-
10% Cu0-1% Alz0s3 precursor solution

3.1.4. Rheological Properties

Gelation occurs when aggregation of particles or molecules takes place in a liquid, under
the action of van der Waals forces or via the formation of covalent or noncovalent bonds
[24]. The simplest picture of gelation is that clusters grow by condensation of polymers
or aggregation of particles until the clusters collides; then links form between the clusters
to produce a single giant cluster that is called a gel. The giant spanning cluster reaches
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across the vessel that contains it, so the sol does not pour when the vessel is tipped. At
the moment that the gel forms, many clusters will be present in the sol phase, entangled
in but not attached to the spanning cluster; with time, they progressively become
connected to the network and the stiffness of the gel will increase. According to this
picture, the gel appears when the last link is formed between two large clusters to create
spanning cluster. This bond is no different from innumerable others that form before and
after the gel point, except that it is responsible for the onset of elasticity by creating a
continuous solid network. As one would expect from such a process, no latent heat is
evolved at the gel point, but the viscosity rises abruptly and elastic response to stress
appears [25,26].

The process can be investigated using rheological measurement techniques. The sudden
change in rheological behavior [26] is generally used to identify the gel point in a crude
way. For example, the time of gelation (gel point) which characterizes the transition from
liquid to solid state, is sometimes defined as corresponding to a certain value of viscosity,
n; alternatively, it may be defined as the point where the gel shows so much elasticity that
the probe (e.g., rotating spindle) tears the gel. The problem with this approach is that the
rate of increase of the viscosity varies with the preparation conditions, so that a
particular value of viscosity (say, 1000 Pa.s) might be observed seconds before gel point
in one system, but hours before gel point in another. A more elegant and informative way
to look at gelation is to measure the viscoelastic behavior of the gel as a function of shear
rate [25-27].

Table 2
Rheological properties of the solutions at 30°C

. . Shear Viscous Elastic .
Solutions \El;l(;):lst)y stress modulus modulus Ge(lsgtc);nt

' (Pa) (Pa) (Pa)

Zn0 1.21 0.364 0.199 1.880 4000
Zn0-5%Cu0-Al203 1.42 0.363 0.146 1.750 3500
Zn0-10%Cu0-Al203 1.35 0.384 2.840 0.929 3000
Zn0-15%Cu0-Al203 1.23 0.368 0.102 1.830 2500

This evaluation is extremely important, since the microstructure and therefore the
optical properties of the film are obtained in this part of the process. Table 2 shows
rheological properties such as viscosity, gel point, shear stress, viscous and elastic moduli
for the prepared solutions as a function of Cu concentration in details. The relative
viscosity values of the obtained Zn0-Cu0-Alz03 solutions having 0, 5, 10 and 15% CuO
were found to be 1.21 mPa.s, 1.42 mPa.s, 1.35 mPa.s and 1.23 mPa.s after its preparation.
As can be understood from these results, the viscosity of the solution is controlled by
ratio of the Cu. The solutions containing different Cu concentration usually show a more
complex behavior of their viscosity, gel point, shear stress, viscous and elastic modulus.
An important feature is that the rheological properties of precursor solutions directly
influence the thickness of sol-gel films and higher viscosities results in higher film
thickness as explained elsewhere [28]. The significant results of our study are that shear
stress, viscous and elastic moduli of the solutions possess parallel values to viscosity (see
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Table 2 for details). These results were measured depending on time to find gel point of
the solutions. The measured gel points of Zn0-0, 5, 10 and 15% CuO-Alz03 solutions were
determined as 4000, 3500, 3000 and 2500 sec, respectively. To investigate in details why
gel point changes as a function of temperature, rheological properties were also
scrutinized at 30°C, 40°C and 50°C. Roughly speaking, the gel points of the gel points of
the solutions decreased depending on increased temperature as expected. The reason of
this behavior is because of evaporation of the solvent in the solutions. When the solvent
evaporates from the solutions, the viscosity increases and gradually the gel point
decreases due to this reality. Not only gel point is our purpose to find in this case but also
viscosity is to determine inasmuch as there is a strong correlation between both. As
shown from Table 2, upon increasing Cu concentration in the solution, the viscosity is
slightly changed and thus also other rheological properties such as shear stress, viscous
and elastic moduli.

3.2. Film Characterization
3.2.1. DTA-TG Analysis

Thermal behavior of Zn, Cu and Al based powders dried at 150°C for 1 h in air is depicted
in Fig. 4. DTA-TG analysis of the Zn, Cu and Al based powder materials before removing
template was conducted from 25 to 600°C with a heating rate 10°C/min to examine the
heat temperatures of the template including drying/combustion, heat
treatment/oxidation and annealing.

DTA curve revealed that endothermic and exothermic reactions became at temperatures
between 25°C and 600°C (see Fig. 4a). As has been previously commented elsewhere [29,
30], it was due to the fact that physical water and solvent in the gel evaporated and
carbon based materials coming from precursors, solvent and chelating agent burnt out.
The first thermal phenomenon was occurred in the temperature range of 75 and 120°C
on account of solvent removal. At these temperatures, the endothermic reaction is mostly
owing to evaporation of volatile organic components. The formed entalphies of Zn0O-CuO-
Alz03 xerogels having 0, 5, 10 and 15% CuO content during solvent removal were
determined as 767 /g, 691 ]J/g, 635 ]J/g and 194 ]/g, respectively. The second
phenomenon was combustion of OR groups at temperatures between 250 and 410°C. A
large great exothermic peak was determined at this temperature range because of
combustion of carbon based materials. On the other hand, the thermal effect in these
temperature ranges is assigned to burning out organic residue resulted from the complex
decomposition. It is believed that evaporation of chloride entrapped in the xerogels,
coming from CuCl; and AlCI3.Hz20 precursors, occurred as well as combustion of organic
materials. These results are greatly in accordance with literature [12]. The maximum
temperatures of the combustion peaks were 350°C, 365°C, 370°C and 375°C for ZnO-
Cu0-Al203 xerogels having 0, 5, 10 and 15% CuO, respectively. It is evidence that
combustion temperature increases as CuO content increases in the xerogels. The formed
entalphies of Zn0O-CuO-Al203 xerogels having 0, 5, 10 and 15% CuO content during
combustion process were found to be 61 J/g, 506 J/g, 121 J/g and 937 ]/g, respectively.
The last stage was the formation of ceramic oxides between 420 and 600°C, which is in
good agreement with the mentioned temperatures in the literature [29,30].
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Fig. 4 (a) DTA and (b) TG curves of Zn0-0, 5, 10 and 15% Cu0-1% Al203 xerogels which
dried at 150 oC for 30 min in air

The TGA curve (see Fig. 4b), illustrated in the present case for Zn0O-Cu0-Al:03 xerogel
powders having 0, 5, 10 and 15% CuO, show weight losses of 94%, 81%, 78% and 74%
for temperatures from 25°C up to 600°C. In this range of the thermal treatment, the
weight decrease is due to solvent removal and combustion of carbon-based materials. As
can be seen in TG curve, the largest weight lost is occurred in combustion of carbon based
materials. The slope of TG curve is quickly decreased when carbon based materials are
burnt out. Variation in the entalphies and weight losses are because the amounts of the
xerogels which we used in DTA-TG experiments are different from each other. No
needless to say, this amount influences only entalphies and weight losses of the materials.
There is no any effect to maximum peak temperatures of combustion and oxidation due
to the fact they are specific properties of materials. As can be obviously seen in these
results, temperatures of combustion and oxidation depend on material type which is
different. Based upon these results, we consider that the annealing temperature (600°C)
can completely remove all templates from Zn, Cu and Al networks and oxide crystalline
structure is completely formed at this temperature.

3.2.2. FTIR Analysis

Fig. 5 indicates the FTIR absorbance spectra of Zn, Cu and Al based powders which were
dried 25°C, 100°C, 300°C, 500°C and 600°C for 30 min in air. FTIR data are in accordance
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with DTA-TG and XRD results. The bands at 3200 and 4000 cm-! are due to O-H species in
the Zn, Cu and Al -based xerogel which was heat treated at 25°C and 300°C, respectively
and those at 2800 cm ! are due to C-H stretching frequencies. To illustrate, the presence
of CHz and CHs organic groups was monitored through their vibrational modes occurring
in the 2400-2900 cm™! range. The band seen in approximately 1600 cm-! is due to C=0
arising due to bridging type metal-acetate bonding (M-OCOO-M). The spectra of the
samples which were heat treated at 25°C, 100°C and 300°C were nearly similar. However,
the OH band has shifted slightly towards lower frequencies (Fig. 5). Upon increasing heat
treatment temperature from 25°C to 600°C, the frequencies of O-H, C=0 and M-0CO0-M
bands decreased and progressively disappeared at around 500°C. Therefore, around the
transition temperature (~500°C), the changes are very fast and above 450°C no signals of
0-H, C=0 and M-OCOO-M bands are found. For instance, the spectrum of ZnO-Cu0-Alz03
precursor film annealed at 500°C and 600°C which shows an absence of absorption bands
corresponding to organics and hydroxyls indicating complete removal of organics and
hydroxyls. The films in this region are of good crystalline and oxidation qualities. The
common features that appear below 600 cm-! corresponds to the stretching vibrations of
Zn=0, Cu=0 and Al=0 and also to the contributions of Zn-0, Cu-O and Al-O bonds. In the
spectrum of 500°C and 600°C, the band at * 450 cm! may be assigned to the vibration of
ZnO, CuO and Al203 bands appear at high temperatures [31]. The intensities of the bands
increased with increasing temperature because of oxide formation. This was confirmed
by XRD as explained in structural analysis later. Likewise, oxide content can be
monitored as a function of heat treatment temperature, changing from 25°C from 600°C.
The oxide formation progressively appears with increasing heat treatment temperature.
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Fig. 5 FTIR absorbance spectra of Zn, Cu and Al based powders heat treated at different
temperatures for 30 min in air

3.2.3. Structural Analysis

Fig. 6 depicts XRD patterns of ZnO and ZnO-Cu0-Alz03 thin films on glass substrate. ZnO
and CuO phases were obtained after annealing process performed at 600°C for 30 min in
air. Most peaks are identified as the diffraction lines of ZnO species and only a small peak
is assigned to CuO. This is evidence from Fig. 6 that the intensity of CuO peaks increased
when CuO content in the composite films are increased. Al203 phase was not found from
XRD results due to the fact that the composites films had 1% Al:03 content. Similar
results were reported in Ref. [32]. The XRD pattern clearly showed the polycrystalline
nature of the Zn0-Cu0-Al203 composite films, whose random orientations were obtained.
A very broad peak around 260 = 22° is caused by the glass substrate [3]. A small and sharp
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peak appears around 20 = 34° for 1 dipping corresponding to the diffraction by a (002)
plane of ZnO crystal and other smaller diffractions of ZnO crystals occur in greater
degrees of 20. The c-axis (002) can be produced with increasing annealing temperature
[1]. In addition to annealing temperature, the multilayered sol-gel films are considered to
disturb the overall growth of the films with c-axis orientation [33].
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Fig. 6 XRD results of ZnO, Zn0-5% Cu0-1% Al203, Zn0-10% Cu0-1% Al203 and Zn0-15%
Cu0-1% Al.0s films prepared on glass substrates by sol-gel technique

Zn0O

Intensity

3.2.4. Surface Features
3.2.4.1. SEM-EDS
Fig. 7 shows surface morphologies of ZnO and Zn0O-CuO-Alz0s3 films prepared by sol-gel

dip-coating process. SEM photographs depict a little difference in morphology among the
three film surfaces. From these micrographs one can see the total coverage of the
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substrate with the clusters of Zn0-CuO-Al:0s. During deposition of ZnO based films by
sol-gel dipping technique, the growth has taken place by nucleation and coalescence
processes as reported by V.R. Shinde et al. [34]. Randomly distributed (002) oriented
nuclei may have first formed and these nuclei have grown to form observable islands. As
islands increase their size by further deposition and come closer to each other, the larger
ones appeared to grow by coalescence of smaller one. Flattening of islands to give
increased surface coverage of clusters follows this step. The shape of the oxide particles
obtained via sol-gel technique is modeled to depend on the growth mechanisms. The
growth of the oxide particles occurs either by mononuclear or polynuclear growth
mechanism. In mononuclear growth mechanism, the particles grow by formation of
successive layers. During the operation of this growth mechanism, the first step is created
on the nucleated particle surface. There is enough time to complete a layer before a new
begins. Growth proceeds via ‘a layer-by-layer’ mechanism, and these layers correspond to
densest packing of polynuclear complexes. The particle surfaces are locally smooth at the
molecular level but faceted at the microscopic scale. These particles take well defined
shapes, corresponding to particular crystal structures. In the mononuclear growth region,
the particle growth rate is proportional to the particle surface area, dr/dt = kmr2. As the
particles grow initially by a mononuclear growth mechanism, the surface area of the
layer increases and the growth mechanism progressively changes to a polynuclear
growth mechanism [13].

As shown in Fig. 7a, some micropores and pits are distributed in the microstructure of
ZnO films. This can be attributed to the osmotic shrinkage mechanism in drying process.
Furthermore, these inhomogeneties might be occurred during deposition through which
the gases have escaped due to the compact nature of ZnO clusters [13,34]. Surface
morphology of Zn0-Cu0-Alz20s films has drastically changed as shown in Figs. 7b, 7c and
7d. Cu and Al atoms may have disturbed the growth process resulting into formation of
nanosize grains. Depending on CuO content, smooth surfaces formed all over the
surfaces. In Figs. 7c and 7d, amounts of micro-pores decrease by adding CuO and Al20s.
All pores and pits disappear and a dense microstructure is obtained by adding %15 CuO
as seen in Fig. 7d. Actually, gas sensors are essentially thin discs of porous material that
change in resistivity when exposed to atmospheres containing certain gases [6].
Furthermore, Fig. 7e demonstrates EDS result of ZnO-Cu0-Al20s3 film on glass substrate. It
is clear from this figure that Zn, Cu and Al elements are present in the films. EDS result in
Fig. 7e was taken from Fig. 7d which shows SEM micrograph of the film. The intensity of
Zn peak is higher than that of other elements. Cu peak overlaps Zn one as shown in Fig. 7e
Al peak is very low because it has 1% Alz0s3 in the films.
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Fig. 7 SEM micrographs of (a) ZnO, (b) Zn0-5% Cu0-1% Alz03 (c) Zn0-10% Cu0-1%
Al203 and (d) Zn0-15% Cu0-1% Alz20s films on glass substrates and (e) EDS analysis of
Zn0-15% Cu0-1% Alz0s films on glass substrates in Fig. 7d

3.2.4.2. AFM

Concerning with surface roughness and quality of the films, AFM was used to examine
surface quality in details. After acquiring an AFM image, the image was subjected to a
second order flattening procedure using the Autoprobe CP image processing software.
This procedure removes the nonlinear background artifact introduced by the piezo
scanner. Following the flattening procedure, the surface roughness was quantified using
aroot mean squared (RMS) roughness calculated from:
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N 2
RMS = M (6)
N -1

In this equation, z; is the image height at pixel i, za is the average height and N is the
number of pixels in the AFM image. The RMS roughness values calculated from the AFM
images of a given film varied slightly from tip to tip. Because the AFM tips inevitably
break with repeated use, recording all of the AFM data in this study with a single tip was
not possible. To address this problem, care was taken to ensure that all the data in a given
figure was measured using the same AFM tip. Consequently, although the differences are
slight, the RMS roughness values may not be directly comparable from one figure to
another. The AFM scan size may affect the RMS roughness values [35]. This behavior
arises because longer wavelength topography components are sampled with increasing
scan size. To quantify this effect, AFM images were recorded from ZnO-based films at
various scan sizes ranging from 10 nm to 4 pm. The RMS roughness values calculated
from these images increased sharply with scan size between 20 um and 50 pm. AFM
images of ZnO and ZnO-CuO-Al20s films on glass substrates are shown in Fig. 8 is
indicative of the grain growth in the direction perpendicular to the substrate surface.
Surface roughnesses of ZnO and Zn0O-Cu0-Alz20s films were in the range of 90 to 200 nm.

(b) Zn0-5% Cu0-Al203

(c) Zn0-10%Cu0-Al203 (d) Zn0-15%Cu0-Al203
Fig. 8 AFM micrographs of (a) ZnO, (b) Zn0-5%Cu0-1%Al20s3, (c) Zn0-10%Cu0-1%Al.03
and (d) Zn0-15%Cu0-1%Al:0s films on glass substrates

The important feature here is that the surface quality improved by decreasing surface
roughness when increasing CuO content in the films. It can be numerically stated that the
surface roughness values for the Zn0O-Cu0-Alz0s solutions including 0, 5, 10 and 15% CuO
were determined to be 200 nm, 160 nm, 120 nm and 90 nm, respectively. Because a
rather high thickness of the film was obtained by six layers deposition, but in the same

164



Celik et al. / Usak University Journal of Material Sciences 2 (2012) 147 - 172

time the average roughness of the film is rather high. The relative high value of the
roughness can be assigned to the agglomeration phenomena during the thermal
processes of the deposited layer on glass substrates.

3.2.5. Adhesion

In the scratch testing of thin coatings, the usual procedure is to move the scratch tip
across the coated surface under an increasing load until, at a certain load referred to as
the critical load a well-defined failure event occurs. In this system, measurement of the
load-displacement characteristics provides another simple means to determine the
critical load, since the failure or detachment of the coating usually results in an abrupt
change in the load-displacement characteristics. The failure mode and the value of the
critical load depend on the various parameters, namely, the properties of the substrate,
the coating, and the coating-substrate interface, the coating thickness, the shape of the
scratch tip, the loading rate, and the friction between the scratch tip and the coating
surface [35].

As we explained about details of adhesion procedure of sol-gel dipping coatings
elsewhere [36] and briefly summarized here, the objective of scratch test is to evaluate
the adhesion between coating and substrate. In the test, increasing normal load is applied
to the diamond stylus. Simultaneously, diamond stylus is scratched over the surface of
the coating with a constant speed. The load at which failure occurs on the coating is
defined as critical load. The test load versus cartridge output (%) curves for ZnO and
Zn0-Cu0-Alz0s films on glass substrates were given in Fig. 9.
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Fig. 9 Adhesion properties of Zn0-0, 5, 10 and 15% Cu0-1% Alz03 films on glass
substrate

During the scratch test, with increasing applied load, friction of the stylus becomes large;
therefore delay in movement of the stylus from that of the cartridge body also becomes
large. This delay is given as a cartridge output. Critical load values of ZnO and Zn0O-CuO-
Al203 films were found from Fig. 9, when sudden increase takes place at the cartridge
output. The critical load values of the Zn0-Cu0-Al:03 films prepared from the solutions
including 0, 5, 10 and 15% CuO content were found to be 17, 22, 28 and 36 mN,
respectively. This is due to the fact that residual stresses which cause mechanical failures
increase with increasing film thickness of ZnO-CuO-Al;0s films on glass substrate.
Therefore, the films prepared from 15% CuO have better adhesion strength to the glass
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substrate among other coatings. As can be seen from these results, critical load values of
the coatings increase with the increasing amount of the methanol. Generally speaking,
improvement in adhesion properties was determined depending on coating thickness.
Adhesion is directly related to wettability, solution viscosity and coating thickness.

3.2.6. Optical Properties

The optical properties of these films were investigated. Table 3 shows refractive index,
porosity, film thickness and band gap values of the films. It is clear from Table 3 that
there are strong relationships among refractive indexes, porosity and film thickness as
demonstrated in ITO films by H.R. Fallah et al. [37]. The refractive indexes (n) of porosity
of Zn0-Cu0-Al:0s films are listed as a function of CuO content. Fig. 10 shows the porosity
values obtained from Egs. 1, 2 and 3 for Zn0-0, 5, 8 and 12% CuO-Al:0s3 films as a
function of refractive index, assuming that nq=1.95, 1.93, 1.92 and 1.90 for these specific
materials with pore-free, respectively [34,37,38].

—m—Eq 1-0CuO
ZnO-CuO-ALO, films —e—Eq 2-0CuO
Eq 3-0CuO
—v—Eq 1-5Cu0O
Eq 2-5Cu0O
—<—Eq 3-5Cu0O
Eq 1-10CuO
—e—Eq 2-10CuO
—x—Eq 3-10CuO
—e—Eq 1-15Cu0
—o—Eq 2-15Cu0
—+—Eq 3-15Cu0

100 -+

80

60 4

40 -

Porosity (%)

204

1,0 1,2 1:4 1:6 1,8 2,0
Refractive index, n

Fig. 10 Variations of porosity as a function of refractive index for ZnO, Zn0-0, 5, 10 and
15%Cu0-1%Al20s films on glass substrates

Deposited films are assumed to be homogenous in the calculations. As one can see,
porosity values vary considerably from one expression to another. It should be
mentioned that refractive indices of ZnO based sol-gel coatings usually lie within the
interval 1.20-1.70 in which the differences are especially pronounced (see Fig. 10 for
details). Therefore questions arise concerning the validity of these expressions. But yet,
the porosities of the coatings can be estimated to be in the range of 20 and 60%. Besides,
while pure ZnO films has a high porosity, the porosity values of ZnO-5, 10 and 15% CuO-
Al203 films decrease as a function of CuO content. As indicated in effect on phase
structure and microstructure of CuO in the films before, it can be stated that reasonable
porosity values were found because CuO decrease porosity of the coatings. These films,
however, have a larger porosity. It would be expected that porosity in the films would
increase the scattering of carriers, reducing their mobility. This is an apparent
contradictory result. It would be stressed that Egs. 1, 2 and 3 are well satisfied for fairly
thick films, but that for thin films the porosity values will be overestimated [37]. For
obtaining trustworthy porosity values for Zn0O-0, 5, 10 and 15% Cu0O-Al203 films it is
necessary to use other techniques. In addition, the film thicknesses for Zn0-0, 5, 10 and
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15% Cu0-Al203 were measured as 852 nm, 478 nm, 518 nm and 695 nm using optical
method respectively. The thickness of the film can be modified and the roughness could
be improved by appropriate changes of the preparation conditions of the solutions and of
the deposition procedure.

Table 3

Refractive index, porosity, film thickness and band gap values of the films
Films Refractive Porosity Film thickness Energy gap

index (%) (nm) (eV)

Zn0 1.2985 60 852 3.18
Zn0-5%Cu0-Alz203 1.3097 55 478 3.17
Zn0-10%Cu0-Al203 1.5586 27 518 3.16
Zn0-15%Cu0-Al203 1.6081 20 695 3.15

The optical absorption of ZnO based semiconducting films was given in Fig. 11. Spectra of
the composite films was analyzed by plotting (ahv)? versus hv curve based on the
relationship ohy = A(hv — Eg)”%, where is a constant and n depends on the nature of the

the transition (n=1 for direct allowed transition). These curves clearly show distinct
straight lines, and from the intercept of the straight lines on the energy (hv) axis the
band-gap is estimated [6]. Thus the optical direct band gap energies obtained are about
3.18, 3.17, 3.16 and 3.15 eV for Zn0-Cu0-Al:03 films including 0, 5, 10 and 15% CuO
content, which notably is in good agreement with the value of ZnO obtained by Y. Natsude
et al. [1]. It is also reasonable that the band gap energies decrease as a function of CuO
content because CuO exhibits semiconducting behavior.
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Fig. 11 Optical direct band gap energies of a) ZnO, (b) Zn0-5% Cu0-1% Al203 (c) ZnO-
10% Cu0-1% Al203 and (d) Zn0-15% Cu0-1% Al20s films on glass substrates
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Fig. 12 depicts optical transmission spectra in the wavelength (A) range 300-800 nm for
Zn0-Cu0-Alz20s3 films which include 0, 5, 10 and 15% CuO content, formed by sol-gel dip-
coating at 600°C for 1 hour in air. The optical spectra for all films give the transparency in
the visible range 320 to 380 nm. ZnO film was found to be transparent in the visible range
with range a sharp absorption edge at wavelength of about 380 nm, which is very close to
the intrinsic band-gap of ZnO (3.19 eV). This result is good agreement with M. Ohyama et
al. [3]. Nevertheless, in Zn0-Cu0-Alz20s3 films having 0, 5, 10 and 15% CuO, transparency
in the visible range with a wide absorption edge at wavelength of 320-380 nm. The ZnO
film shows the transmittance of the order of 44% while that of ZnO-Cu0-Al:03 films was
of the order of 55%. It is noticed that the ZnO film has higher absorbance in visible range
of spectrum. The absorbance has increased after addition of CuO and Al203. This behavior
may be due to introduction of the Cu and Al defect states within forbidden band.
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Fig. 12 Transmission vs. wavelength curves for ZnO based composite films on glass
substrates

4. Summary, Conclusions and Outlook

ZnO and Zn0O-Cu0-Al203 semiconducting thin films were successfully fabricated on glass
substrates using solutions prepared from Zn, Cu and Al based precursors, methanol and
acetic acid by sol-gel dip-coating method for gas sensor applications. Turbidity values of
the Zn0O-Cu0-Al203 solutions including 0, 5, 10 and 15% CuO were respectively measured
as 33.90, 33.70, 34.80 and 33.80 ntu, indicating that powder based precursors are
dissolved in the solutions. The pH values of the solutions were found to be in the range of
4.28 and 4.59. The pH values decreased depending on CuClz concentration because Cl
content, which comes from Cu- and Al-based chlorides, increased in the solutions. The
contact angles for the ZnO-Cu0-Al203 solutions including 0, 5, 10 and 15% CuO were
found to 18.01°, 16.01°, 17.02° and 21.38°, respectively. The relative viscosity values of
the obtained Zn0-Cu0-Al203 solutions having 0, 5, 10 and 15% CuO were found to be 1.21
mPa.s, 1.42 mPa.s, 1.35 mPa.s and 1.23 mPas after its preparation. The solutions
containing different Cu concentration usually show a more complex behavior of their
viscosity, gel point, shear stress, viscous and elastic modulus. The rheological properties
of precursor solutions directly influence the thickness of sol-gel films and higher
viscosities results in higher film thickness. The measured gel points of Zn0-0, 5, 10 and
15% Cu0-Al203 solutions were approximately determined as 4000, 3500, 3000 and 2500
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sec, respectively. When increasing Cu concentration in the solution, the viscosity is
slightly changed and thus also other rheological properties such as shear stress, viscous
and elastic moduli.

DTA curve revealed that endothermic and exothermic reactions became at temperatures
between 25°C and 600°C. The formation of ceramic oxides was occurred at temperatures
between 420 and 600°C. The annealing temperature (600°C) can completely remove all
templates from Zn, Cu and Al networks and oxide crystalline structure is completely
formed at this temperature. The spectrum of Zn0-Cu0-Al203 precursor film annealed at
500°C and 600°C which shows an absence of absorption bands corresponding to organics
and hydroxyls indicating complete removal of organics and hydroxyls. In the spectrum of
500°C and 600°C, the band at * 450 cm! may be assigned to the vibration of ZnO, CuO
and Al203 bands appear at high temperatures. The intensities of the bands increased with
increasing temperature because of oxide formation. XRD supported DTA-TG and FTIR
results, showing that ZnO and CuO phases were obtained after annealing process. A small
and sharp peak appears around 26 = 34° for 1 dipping corresponding to the diffraction by
a (002) plane of ZnO crystal and other smaller diffractions of ZnO crystals occur in
greater degrees of 26. The c-axis (002) can be produced with increasing annealing
temperature. Randomly distributed (002) oriented nuclei may have first formed and
these nuclei have grown to form observable islands. A good inter-grain connection is
developed by increasing the amount of CuO in structure and poreless coating was
achieved by adding %15 CuO. Cu and Al atoms may have disturbed the growth process
resulting into formation of nanosize grains. Depending on CuO content, smooth surfaces
formed all over the surfaces. It is clear that Zn, Cu and Al elements are present in the
films. Al peak is very low because it has 1% Alz03 in the films. AFM results revealed that
surface roughnesses of ZnO and Zn0-Cu0-Alz0s3 films were in the range of 90 to 200 nm.
The surface quality improved by decreasing surface roughness when increasing CuO
content in the films. The critical load values of the Zn0-Cu0-Alz0s films prepared from the
solutions including 0, 5, 10 and 15% CuO content were found to be 17, 22, 28 and 36 mN,
respectively. The films prepared from 15% CuO have better adhesion strength to the
glass substrate among other coatings.

It is clear that there are strong relationships among refractive index, porosity and film
thickness. It should be mentioned that refractive indices of ZnO based sol-gel coatings
usually lie within the interval 1.3-1. While pure ZnO films has a high porosity, the
porosity values of Zn0-5, 10 and 15% CuO-Al203 films decrease as a function of CuO
content. It can be stated that reasonable porosity values were found because CuO
decrease porosity of the coatings. The film thicknesses for Zn0-0, 5, 10 and 15% CuO-
Al203 were measured as 852 nm, 478 nm, 518 nm and 695 nm using optical method
respectively. The optical direct band gap energies of ZnO-Cu0-Al20s3 films including 0, 5,
10 and 15% CuO were 3.18, 3.17, 3.16 and 3.15 eV, respectively. It is also reasonable that
the band gap energies decrease as a function of CuO content because CuO exhibits
semiconducting behavior. Also, the optical spectra for all films give the transparency in
the visible range of 320 to 380 nm. The ZnO film shows the transmittance of the order of
449 while that of Zn0-Cu0-Al:0s films was of the order of 55%.
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