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ABSTRACT
Transparent conducting oxide (TCO) based on indium doped zinc oxide films in the nano scale were successfully prepared using combination between dip coating and thermal decomposition process. Structural investigations confirm the
polycrystalline ZnO hexagonal wurtzite phase grown along the c-axis with nano crystallite size about 10 nm. Morphology investigation shows that ZnO films consist of fine grains of average size 40 nm. This indicates that each grain contains several crystallites with different orientations. Cross sectional image presents good adhesion of the films with the
substrate and the film thickness has been determined. Compositional analysis detects the indium content in the host
ZnO matrix, the In/Zn ratio is close to the calculated concentration ratios of the precursor. The optical transmittance
shows that the films are transparent in the UV and VIS-IR spectral region and interference fringes were observed to be
thickness dependent. Preparation parameters were investigated and optimized such as dipping rate, number of deposition cycles, precursor concentration, annealing process and In/Zn ratio. Optimization process was investigated for low
resistivity, high optical spectral window transmission and easy preparation process. Dipping rate in the range 2 - 38
mm/s is the most suitable range for good film quality while dipping rate range 30 - 38 mm/s produces thicker films in
lower deposition cycles. The higher dipping rate produces films with lower transparency (milky films) while the small
deposition rate requires large number of deposition cycles in order to increase the thickness. Besides, the higher dipping
rate reflects lower resistivity of the deposited films. Precursor molar concentration was observed to have an essential
effect on the film thickness, film quality and transparency. Lower precursor concentration requires also large number of
deposition cycles for thickening the films. The higher concentration results also milky films (high scattering process by
powder film). Precursor concentrations in the range 0.7 - 0.9 mol/liter were found to be the optimal for better quality
and for faster deposition process. The resistivity of the films has been reduced from the range 1.5 - 2.5 kW·cm to the
range 100 - 400 W·cm as the molar concentration reaches the range 0.07 - 0.09 mol/liter. The resistivity of films increases from 330 to 1686 Ω·cm as the decomposition temperature increases from 200˚C to 350˚C. Annealing at 450˚C
process after completing the decomposition at 200˚C results the lowest resistivity with annealing time in the range 1.5 2 h. In/Zn percentage in the range 1.5% - 5% produces the lowest electrical resistivity. The absorption edge of the deposited films was observed to be critical affected by the preparation parameters. The band gap change was discussed
through the degenerate semiconductors as well as nanostructured semiconducting materials of the energy gap confinement effect. Deposition of TCO based on ZnO:In was optimized depending on all deposition parameters forwide area,
the lower cost and good performance TCO films.
Keywords: ZnO:In; TCO; Dip Coating; Optical and Electrical Properties

1. Introduction
The manufacturing of transparent conducting thin film as
transparent conducting electrodes for thin film solar cells
has encountered zinc oxide as one of the best options due
to high chemical stability against reducing environment
[1], a textured surface [2], the simultaneous concurrence
of high transparency in the visible region and high conductivity [3]. Some other advantages are the wide mateCopyright © 2012 SciRes.

rial availability, non-toxicity and easy handling that makes
ZnO suitable for large area applications [4]. ZnO has
direct band gap semiconductor of 3.27 eV and has been
recognized for its promising applications in blue/UV
optoelectronics, spintronic devices, surface acoustic
wave devices and sensor applications [5]. ZnO thin films
have been prepared by various deposition techniques,
such as RF magnetron sputtering [6-8], spray pyrolysis
[9-13], sol-gel process [14-18], electrochemical deposiJMP
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tion [19], molecular beam epitaxy (MBE) [20], pulsed
laser deposition (PLD) [21-24] and metal organic chemical vapor deposition [25]. However the transport properties of undoped ZnO thin films are not stable, especially
at high temperatures due to oxygen. This situation has
been improved by introducing impurities into the ZnO
host lattice, which dramatically reduces this disadvantage.
Doping of ZnO with elements of Group XIII increases in
the conductivity of the ZnO thin filmsd. As a matter of
fact, the doping of ZnO films by indium [26], aluminum
[27], and gallium [28] in ZnO thin films were reported. It
is believed that doping process is reached by means of
replacing Zn2+ atoms by an impurity with higher valence.
It is worth mentioning that the efficiency of the dopant
element depends on its electronegativity and difference
between its ionic radius in compared with the ionic radius of zinc. Aluminum and indium are well-known
dopants for n-type ZnO and have been studied to some
extent [29,30]. In comparison with indium tin oxide (ITO),
ITO has been mainly used as transparent conducting oxide (TCO) anode because of its high conductivity, large
work function and transparency over the visible range
[31,32]. Recently, ZnO or doped ZnO has been actively
investigated as alternative material due to cost and indium metal availability. In order to examine the suitability of ZnO based TCO, it is essential to deposit it on
glass substrate and investigate their optical and electrical
properties. We are interested in this study of the deposition parametrs that affect strongly on the transport and
optical characteristics of ZnO films deposited by dip
coating as low cost, wide area productivity and good film
quality in order to compete with the other sophisticated
preparation techniques.
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connecting tube govern the falling rate of the precursor
level in the deposition tank. Falling the precursor level in
the deposition tank was calibrated for several rates according to different diameters of the connecting rubber
tube between the two tanks as shown in Figure 1 which
illustrates the basic diagram of the home made simple dip
coater. The top of the deposition tank was covered in
order to reduce the evaporation rate of the solvent in
which the precursor film drying rate is too small to homogenize the film at the substrate. After dipping process,
the films were dried also in air and heated at 200˚C for
10 min in a furnace to decompose the precursor film to
ZnO:In. After decomposition process, another deposition
cycle was deposited in order to increase the film thickness. Annealing process took place at 450˚C for different
annealing times at 1, 2, 3 and 4 h in air. XRD diffractometer of type Shimadzu 7000 XRD, CuKα, Ni filter (λ =
1.5418 Å) was employed in order to identify the crystal
structure of the deposited films. The surface morphology
was investigated by scanning electron microscopy of
type Jeol JSM 6360 OLA. The film adhesion to the substrate and thickness was determined from cross-sectional
SEM images. The elemental In:Zn ratio was analyzed by
the attached EDX unit to the SEM (Energy dispersive
X-ray spectroscopy). Double beam UV-VIS spectrophotometer was used in optical transmittance measurements
of the of type LABOMED UVD-2950 spectrophotometer
in the wavelength range 190 - 1100 nm using reference
substrate. Metallic indium films were deposited using
thermal vacuum evaporation technique of type Edwards
306 Auto as electrodes for the deposited ZnO:In using
special masks for electrical measurements. Electrical
measurements have been performed using Keithely 6517
high performance electrometer.

2. Experimental Procedures
Thin films of ZnO and ZnO:In with different indium
concentrations were prepared by the combination of the
dip coating technique and thermal decomposition process.
The precursor has been prepared from zinc acetate dehydrate (sigma Aldrich 4N) and dissolved in ethanol (50
mL). The dopant source of indium was indium chloride
(sigma Aldrich 5N). Indium chloride was mixed with
zinc acetate taking in consideration of atomic percentage
of In/Zn atoms in the solution to be in the range 0.0% 9.0%. The solution was stirred for one hour at 75˚C to
yield a clear and homogeneous solution. Pre-cleaned
glass micro-slides were coated with the precursor using
an automated and homemade dip coater with dipping rate
in the range 2 - 40 mm/s. This dip coater is based on falling of the precursor from the dipping tank to another
tank by gravity and the flow rate of the precursor was
controlled by several diameters of the connecting tube,
consequently, the flow rate of the precursor through the
Copyright © 2012 SciRes.

Figure 1. Schematic diagram of the dip coater system.
JMP
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3. Results and Discussions
3.1. Films Characterization
X-ray diffraction analysis of the deposited film confirms
the polycrystalline structure of ZnO films as represented
in Figure 2. The diffracted peaks have been identified
using standard ZnO cards indicating that all the deposited
films are hexagonal wurtzite crystalline phase with (101)
preferred orientation. This indicates that the growth process occurs along the c-axis. The diffracted peaks were
observed to be broadened. Peak broadening is usually a
result of an instrumental broadening, smaller crystallite
size and lattice. Other defects have small contribution to
the broadening of the diffracted peaks. The instrumental
effect was eliminated by measuring standard silicon single crystal free from defects in several crystallographic
orientations and the instrumental broadening is set to be
βinst. The full width at half maximum for a given peak for
the film is βfilm. The peak broadening due to lattice strain
and crystallite size is given by:
2
2
   film
  inst

(1)

Applying Williamson-Hall equation for the calculation
of crystallite size and lattice strain from the following
equation as follows [33,34]:

 cos   4 sin  

K
D

(2)

where K is the shape factor close to unity, D is the average crystallite size,  is the diffracted angle and  is
the lattice strain. For non strained lattice, Equation (2) is
reduced to Scherrer’s equation while in the nano structured materials the strain effect cannot be neglected. By
calculating the broadening for diffracted peaks and plotting  cos  vs sin  , a straight line is obtained of a
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3.2. Effect of Deposition Parameters
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slop equal to four times of the lattice strain and intercept
K
equal to
. The crystallite size of the deposited films
D
was found to be 10 nm. In this case, the deposited films
by dip coating technique produces nano structured films
and the lattice strain has been observed to be 1.2 × 10−4
which is considered as very small.
The surface morphology of the In-doped ZnO film has
been investigated as shown in Figure 3. Neither cracks
nor peels have been observed on the surface of the films.
The film consists of fine compact grains of average size
40 nm with high film coverage on the substrate. This
means that each grain is not single crystalline because the
average crystallites size is 10 nm, i.e. each grain consists
of several crystallites with different orientations. Cross
sectional image of a broken edge of the substrate shows
the film-substrate interface. The thickness of the films is
then easily determined from the two film surfaces, besides a good adhesion of the deposition films was observed. The average thickness of the investigated film
was found to be 600 nm as represented in sub Figure 3.
Energy dispersive x-ray spectroscopy confirms the ZnO
atomic percent. The indium atoms percentage is also detected and determined. The indium doped ZnO film by
5% as representative EDX measurement was found to be
5.24% which is compatible with the calculated atomic
percent of the precursor. Optical transmittance of films is
characterized by open transmittance optical window from
the long wavelength and closed from shorter one. The
closed edge is found in the UV spectral region which the
transparent window cover a wide range of spectrum
starting from UV to VIS-IR range as shown in Figure 4.
The average optical transmission in the transparent region is in the range 80% - 85% which make those films
applicable in optical window applications. Interference
fringes were also observed in the optical transmittance
due to film two parallel surfaces structure, smooth morphology and higher optical thickness.
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Figure 2. Representative XRD chart of indium doped ZnO
thin film with molar ratio 5% on glass substrate.
Copyright © 2012 SciRes.

3.2.1. Effect of Dipping Rate
Dipping rate is generally expressed by the rate of removing the substrate vertically from the precursor, while
in our case, the substrate is kept in the deposition tank
and the precursor level is decreased as discussed. Dipping rate affects essentially on the amount of the precursor left on the substrate which consequently affects on
the thickness of the films as well as the homogeneity. 20
deposition cycles have been performed for each film in
order to increase the film thickness. Dipping rate in the
range 2 - 40 mm/s was observed to produce good quality
film i.e. good transparency and adhesion to the substrate.
The optical parameters such as refractive index, extinction
JMP
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Figure 3. Representative SEM surface image of ZnO:In (5%) and cross sectional image.
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Figure 4. Representative curve of optical transmittance of
ZnO:In (5%).

coefficient and band gap were observed to be independent on the dipping rate. Only the interference fringes
have been increased as dipping rate increasing. This indicates that the thickness of the films increases. Furthermore, the dipping rate affects on the resistivity as well as
films thickness. Figure 5 represents the dependence of
the film thickness on the dipping rate. As dipping rate
increases the amount of precursor deposited on the substrate increase then evaporation of the solvent occurs
before dropping back to the precursor. Lower dipping
Copyright © 2012 SciRes.
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Figure 5. Electrical resistivity and thickness of the film dependence on the dipping rate.

rate produces better film quality and good clearance
while the produced thickness is small. The resistivity of
the film decreases strongly as increasing the dipping rate
due to compactness of the grains by considerable higher
deposited amount of the precursor. At very high dipping
rate milky and powdered films were obtained, besides at
very low dipping rate both the film thickness and compactness of the grins is too low to conduct an electrical
current. The studied range of the dipping rate 2 - 40
mm/s is considered as the optimal range for better, clear
and electrically conducting films.
JMP
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Figure 6. Dependence of electrical resistivity and film thickness on the precursor concentration in the range 0.03 - 0.1
mole/liters.
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3.2.2. Effect of Precursor Concentration
Precursor concentration (mol/liter) governs the film productivity and quality. This study determines the concentration range of the precursor in which the maximum
thickness and better quality can be obtained. Molar concentration of zinc acetate in the precursor concentration
0.03 - 0.1 mol/liter was found to be the working concentration for better transparent film. Lower precursor concentration produces films of thickness too small to be
produced with several deposition cycles. It required large
number of deposition cycles in order to reaches the desired thickness as well as the compactness of the grains is
small. At higher precursor concentration than 0.1 mol/
liter, the films were formed as powdered film of particles
that agglomerate with bad morphology and consequently
the film transparency is too low to be also applicable or
measurable. Deposition from precursor concentration in
the range 0.03 - 0.1 mol/liter produces high quality films
as well as easy production with the desired thickness
from few deposition cycles. Figure 6 represents the optical transmittances of ZnO films deposited at different
precursor concentration. It was observed that the precursor concentration 0.03 produces films of not complete
absorption edge and the first interference fringe is not
also completed due to very small thickness. As the precursor concentration increases, the absorption edge
reaches full absorption and the interference fringes are
completed and their number increases. This indicates that
the film thickness increases as the precursor concentration increases. The absorption edge is quite shifted towards longer wavelength as increasing the concentration.
This shift was explained as decreasing the band gap.
Such band gap shift is a resultant increment of the crystallite size. Smaller crystallites shift the band gap towards
the shorter wavelength by the energy gap confinement
phenomena which were discussed by the well known
Bruss model [35,36] of the nanostructured materials.
This model has been discussed in many nanostructured
semiconductors. The film transparency was not affected
by precursor concentration in this range. Thickness
measurement reveals that the thickness increases linearly
with the molar concentration of the precursor as shown in
Figure 7. The linear fitting of the dependence passes
through the origin which indicates the high accuracy of
both deposition technique and our results. Electrical resistivity was observed to be higher value in the range
1500 - 2500 Ω·cm at lower precursor concentration range
while the resistivity decreases to the range 100 - 400
Ω·cm in the precursor concentration range 0.07 - 0.09
then increases again. The increment of the electrical resistivities in both lower and higher precursor concentration has two different explanations. At lower concentration range of the precursor, the deposited film possesses
smaller grains and not compact due to smaller amount of

Thickness
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Figure 7. Effect of In doping on ZnO films at different doping percentage 1 - 9 In/Zn%.

the deposited materials. At higher concentration of the
precursor, the agglomeration and powdered suspension to
the film surface and low adherence of the particles reduce the film conductivity. This indicates that the molar
concentration range 0.07 - 0.09 is preferable for considerable high thickness, good film transparency and lower
film resistivity.
3.2.3. Effect of Reaction Temperature
Reaction of dried precursor occurs at decomposition of
the zinc acetate-ethanol networks and bonds. Dissolving
of the zinc acetate with inorganic solvent and drying reduces the decomposition temperature in which ZnO film
is formed and other volatile gasses leave the precursor at
this temperature. Zinc acetate decomposes at 235˚C to
ZnO. This decomposition point was observed to be reduced when the salt was dissolved in ethanol. Studying
JMP
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in the transparent visible region are also increased as
increasing the In/Zn percent. This contribution was explained as the increasing of the optical thickness with
increasing the indium content. The shift in the absorption
edge was explained to be attributed to carrier concentrations, carrier distributions and defects presented in the
film [38]. Based on Manifacier’s model [39], the optical
absorption was calculated from the transmittance as
shown in Figure 9. ZnO is a direct band gap semiconductor, the relation between the absorption coefficients,
(α) and the incident photon energy ( h ) is given by [40,
41]:

decomposition process at temperature range 200˚C 350˚C has been taken into consideration. ZnO films have
been deposited from 12 deposition cycles at dipping rate
of 20 mm/s and the resultant thickness was 244 nm. The
deposition parameters was optimized and selected dependently and used from the previous studies such as precursor concentration and dipping rate. The films possess
the same absorption edge and nearly one fringe of interference. It was found that, an increasing of the films resistivity from 330 to 1686 Ω·cm took place when the
decomposition temperature increased from 200˚C to
350˚C.

 h 

3.2.4. Effect of Indium Doping
Indium doped zinc oxide film was deposited from mixed
precursor of indium and zinc salts in the atomic percentage In/Zn 1% - 9%. Indium acetate is insoluble in ethanol
so that the chloride salt was chosen. A representative
film elemental analysis was confirmed by EDX for actual
doping concentration. It is well known that In atoms are
easily presented in the ZnO lattice, behave as acceptors,
and decreasing the conductivity by increasing the carriers
concentration [37]. The optical transmittances of the
In-doped ZnO films deposited at 12 dip cycles were observed higher than 80% and IZO films show better
transparency than the undoped ZnO. Doping of ZnO by
indium in the range 1% - 9% shifts the absorption edge
towards the shorter wavelength as shown in Figure 8.
The absorption region was magnified by scaling up the
absorption region in order to view this shift. Besides, the
number of interference fringes and average transmittance

2

 A  h – Eg 

(3)

Plotting of  h  vs h results a straight line of
intercept with at photon energy axis at band gap as
shown in Figure 9. It is observed that the band gap is
shifted towards UV region as In/Zn percentage increases.
The undeped films have a band gap about 3.13 eV which
increases gradually as indium content increases as shown
in Figure 10. Several reports discussed the energy gap
(Eg) change of indium doped ZnO. For example, a report
indicates the decrease of the band gap [17,42,43], while
other indicates the increase of the band gap [13]. According to our results, i.e. the increment in the band gap
by indium doping is logically by two independent effects.
The first one is that our films are in the nano scale of size
is too small to present the energy gap confinement phenomena as discussed before using Bruss model [35,36].
As the size decreases, the electrons are confined and
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Figure 8. Effect of In doping on ZnO films at different doping percentage 1 - 9 In/Zn %.
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move in a smaller distance comparable or lower than
Bohr exciton radius. In this case, the exciton energy is
added to the band gap during the absorption process. The
second reason of increment of band gap at heavily doped
semiconductors. Although, this phenomenon appears at
very small density of state effective masses semiconducting materials and or heavily doped or degenerate
semiconductors. The Fermi level moves between the valence and conduction bands (forbidden region) at small
doping concentration in compared with the total host
molecules. It could appear also in heavily doped semiconductors that the Fermi level leaves this forbidden region entering the conduction band in the n-type semiconductor or entering the valence band in the p-type one.
In this case, inside the band, the occupation probability
above the Fermi level remains very small. At optical absorption process, the transition starts from the occupied
state which is not the top of the valence band or the botCopyright © 2012 SciRes.

tom of the conduction band. This means that the transition does not start from the zero momentum. Twice time
of the energy difference between the top of the valence
band and the Fermi level is then added to the overall the
transition energy and appears as an increment in band
gap. This phenomenon is well known as Burstein-Moss
effect and was discussed in many semiconducting materials of low density of state effective mass and/or heavily
doped semiconductors [44,45]. The increment of band
gap by both effects in ZnO:In is considered as advantage
properties because the optical transmittance window is
then enlarged and transmitted more portion of the solar
spectrum. The optical refractive index was observed to
increase slightly from 1.9 to 1.94 as indium doped ZnO
increased to 9%. The electrical resistivity of the films has
been studied as a function of the indium doping concentration as shown in Figure 10. Both the undoped and
heavily doped films possess higher resistivities while
films doped by indium in the doping range 1% - 5% possess the lowest electrical resistivities. The intermediate
doping region 1% - 5% was observed to be attractive for
many optical and electrical properties. It was suggested
to be the optimum conditions for film doping for lower
resistive optical window layer. For this reason all of the
optimized preparation conditions have been collected
dependently in order to prepare a film of doping concentration at 5% with the best other preparation condition in
our studies and testing the film at higher annealing temperature at 450˚C for different annealing times 1, 2, 3
and 4 h, the corresponding resistivity of the films were
found to be 43, 18.7, 119 and 139.5 W·cm, respectively.
Similar kind of results was reported for the film grown
by spray pyrolysis technique [10]. This means that the
optimal In/Zn percent in the range 1.5% - 5% increases
the donor concentration. The donor action of indium
compensated the grain boundary scattering leading to
decrease in film resistivity. As the doping concentration
increased, the grain size decreased due to deformation.
Though the carrier concentration is expected to increase
by indium doping, the smaller grain size enhances the
grain boundary scattering and hence leading to an increase in the resistance at higher indium content.
3.2.5. Effect of Number of Cycles
The number of deposition cycles is mainly governed on
the film thickness due to addition of layers to each other.
This behavior is linearly if the concentration of the solution does not change during the preparation process. Under long run deposition process, evaporation of the solvent takes place which changes the concentration of the
precursor. This study perform the deposition run time
according to deposition cycles in which the rate of the
increasing the film thickness remains constant. Furthermore, increasing the film thickness by increasing the
JMP
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deposition cycles has a limitation that the film quality
and transparency is decreased. Figure 11 shows the optical transmittance of ZnO:In (5%) deposited at 0.09
mol/liter at deposition cycles repeated up to 48 times in
order to reach thickness of 627 nm. The optical transmittance was measured every 4 cycles and three representative optical transmittances at deposition cycles 12, 24 and
48 were plotted. It was observed that there is no change
in the average transmittance in the transparent region
which indicates that the refractive index is kept constant
(about 1.9). Furthermore, the number of interference
fringes increases due to thickness increase. The calculated optical thickness from the interference fringes indicates that the thickness increases linearly as increasing
the deposition cycles until 48 cycles. The best fit pass
through origin. The slope of the thickness-number of
deposition cycles is 11.5 nm/cycle. This is an important
result for design a film of desired thickness that each
individual deposition process the film thickness increases
by 11.5 nm as represented in Figure 12. A slight shift of
the absorption edge towards long wavelength has been
observed. The average calculated band gap was found to
be 3.2 eV. The slight change in absorption edge with
increasing the number of cycles may be attributed to the
band shrinkage effect because of increase in carrier concentration [44].
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Figure 12. Dependence of deposition cycles on the film thickness.

Films deposited by this technique are characterized by
low cost and reproducible for wide area transparent conducting oxide films. The lowering of the resistivity makes
those films suitable for many optoelectronic transparent
applications such photovoltaic applications and transparent optoelectronics due to their wide spectral window
transparency and low resistivity.

4. Conclusion
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