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Abstract  Photoelectrochemical (PEC) solar cell studies of Al doped zinc oxide (AZO) thin film electrodes has 
been carried out by photocurrent-voltage (I-V) characteristic. The concentration of Al in ZnO was varied between 1-
5 at.% in order to study the effect of the variation on the photovoltaic performance of the electrodes. The current-
voltage (I-V) characteristics measured in the dark and under 80 W simulated illumination revealed enhanced PV 
performance for the AZO electrodes in contrast to the undoped electrode. The best response was achieved for AZO 
electrode with 2 at.% Al concentration thus, recording higher conversion efficiency and fill factor. This is a clear 
indication that AZO electrodes are superior to undoped ZnO in PV applications. The remarkable enhanced 
properties of Al doping on ZnO were carefully studied by means of thickness measurement, X-ray diffraction 
(XRD), scanning electron microscope (SEM) and UV-Vis spectroscopy, and the results were in good agreement, and 
confirmed that AZO thin film electrodes are better for PV applications than undoped ZnO semiconductor in sodium 
sulphate (Na2SO4) electrolyte. 
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1. Introduction 

Scientific development in materials technology over  
the last few decades realizes the usage of wide-band  
gap semiconductors for various optoelectronic device 
applications including photovoltaic (PV) solar cells [1]. 
ZnO semiconductor is an attractive material in the 
research community for photoelectrochemical (PEC) solar 
cells due to its wide, direct band gap (Eg -3.37 eV at 300 
K), and large exciton binding energy (60 MeV), large non-
linear optical coefficients, high thermal conductivity and 
excellent electrochemical stability [1,2]. However, the 
large photonic energy requirement of ZnO semiconductor 
(about 3.2-3.37 eV) only limits its light absorption with in 
a small fraction of the solar spectrum [3]. Thin film 
properties such as crystal structures, surface structures, 
band gap and optical absorption and electrical/optical 
conductivity of ZnO has been improved by introducing 
dopants in to ZnO lattice [4]. The transition metals (Al, 
Cu, Ni, Ag, Co) doped ZnO show better properties which 
are suitable for photovoltaic (PV) application, as these 
metals have ionic radius nearly similar to ZnO [5,6]. Al3+ 
has been the most used dopant element due to its small 
ionic radius and low material cost. Al doped ZnO (AZO) 

nanostructures are used in transparent conductive plates 
due to its high optical conductivity and transparency in the 
visible region [7,8]. The substitution of Zn2+ ions with 
Al3+ in ZnO lattice improves the electrical conductivity 
through the increase of charge carriers where it is reported 
that the electron concentration increases from 1016 to 
1021 cm−3 [9,10].  

The challenge in converting sunlight into electricity via 
photovoltaic solar cells is to lower the cost per watt of 
delivered solar electricity to the barest minimum [11,12]. 
PEC solar cell is a recent PV technology that is aimed at 
delivering solar electricity at a reasonably low cost by 
utilizing low cost materials in thin films and adopting 
inexpensive materials synthesis and cell fabrication 
techniques [13]. Nanocrystalline semiconductor thin film 
electrodes are the key components of PEC solar cells due 
to their large effective surface area available for 
absorption of electrolyte, which facilitates rapid electron 
transport in the electrode and thus, enhances power 
conversion efficiency and sustainable power [14].  

PEC conversion of sunlight to electrical power was first 
achieved with a TiO2 semiconductor photoelectrode in a 
pioneer work reported by Grätzel [15]. ZnO semiconductor 
was discovered later as an effective counterpart of the 
former [16,17]. Nevertheless, TiO2 nanoparticle films with 
transparent conducting oxide (TCO) layers are used as 
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photoelectrode in PEC solar cells because of their 
adequate surface area and chemical affinity for electrolyte 
absorption as well as their suitable energy band potential 
for charge transfer between the photoelectrode and electrolyte. 
However, the numerous grain boundaries between the 
TiO2 nanoparticles restrict fast electron transport, which is 
detrimental to carrying out a highly efficient energy 
conversion process [18]. ZnO nanostructured photoelectrodes 
have been confirmed to improve the electron transfer by 
virtue of eliminating the grain boundaries [18]. Furthermore, 
the charge carrier concentration and mobility and hence 
conductivity of ZnO can be improved in order to enhance 
it’s PEC performance [19]. Doping ZnO with Al, has been 
one of the effective methods to enhance the conductivity 
of ZnO. There has been quite a bit of literature on  
Al-doping of ZnO which successfully enhanced it’s 
conductivity [18,19,20,21]. However, there has not been 
enough focus on the application of such AZO materials in 
PEC solar cells in the available literature. Therefore, in 
this paper, PEC properties of AZO electrodes synthesized 
by a novel chemical bath deposition (CBD) technique, 
with varying concentration of Al is reported.  

2. Experimental Details 

AZO thin films were synthesized in a chemical bath 
according to our previous work [14]. Firstly, an aqueous 
solution of 0.1 M Zn(NO3)2.6H2O (sd fine chemicals) was 
prepared. To achieve aluminum doping, aluminum nitrate 
(Al(NO3)3.9H2O; Lobo Chemie-India) was added to the 
solution. The doping concentration, i.e., Al/Zn atomic ratio 
was varied from 1 to 5 at.% in the solution.. Concentrated 
ammonia solution (NH3; Thomas Baker, 28% in H2O) was 
used to adjusted the pH of the solution under constant 
stirring at room temperature. A white precipitate of  
Al-Zn(OH)2 was initially observed, which was soluble in 
excess NH3 solution. The alkaline bath was maintained at 
a pH~11.5. Ultrasonically cleaned microscope glass slide 
and stainless-steel substrates were immersed vertically in 
the solution using Bakelite holders (Figure 1) and the bath 
temperature was maintained at 353 K. The substrates 
coated with AZO thin film were removed after 5 h, 
washed with double distilled water dried in air and 
preserved in the vacuum desiccator. Further, as-deposited 
films were air annealed at 673 K for 2 h. 

PEC properties of the films were studied in a three-
electrode, single compartment cell (n-AZO (on stainless 
steel substrate) as a photoelectrodes, Platinum wire as 
counter electrode and saturated calomel electrode (SCE) 
as the reference electrode in 0.1 M Na2SO4 solution as the 
electrolyte) in an electrochemical workstation as illustrated in 
Figure 7 (a). An 80 W xenon arc lamp was used as a 
simulated white light to illuminate a semiconductor 
photoelectrode area of 1 cm2. Film thickness of the 
synthesized AZO thin films was analysed with a surface 
profilometer (AUB 105 Technology, Model XP-1). 
Optical properties of the films were recorded with a 
Shimadzu, UV-1800 spectrophotometer. Structural properties 
were studied using Philips PW 1830 X-ray diffractometer 
with CuKα radiation (λ = 1.5406 Å) in the range of  
20 – 80o in 2θ. Surface morphology was studied with 

scanning electron microscope (SEM) using JEOL JSM-
6360. 

 
Figure 1. Schematic diagram of the experimental setup for deposition of 
AZO thin films by chemical bath deposition technique 

3. Results and discussion 

3.1. Film Thickness Characterization 
Film thickness is one of the most significant parameters 

that affect the properties of thin films. Determination of 
film thickness is of much importance for quantitative 
evaluation of certain film parameters and applications. For 
PEC solar cell application, the typical film thickness for 
optimal light energy to electrical energy conversion 
efficiency is in the range of 8 -12 μm [22]. Figure 2 shows 
the variation of AZO film thickness with deposition time 
at constant bath temperature (353 K) measured in this 
work using surface profilometer (AUB 105 Technology, 
Model XP-1). The results indicate that the development of 
film thickness is time dependent. As the temperature of 
the heated bath gradually rises to 353 K, precipitation 
begins in the solution and metal ions are slowly released 
to form thin solid film of AZO on the substrate. It is also 
clear from Fig. 2 that the growth rate of the films strongly 
depends on the concentration of dopant, Al in the solution 
[23]. This could be assigned to the fact that introduction of 
the dopant increases the number of free metal ions in the 
solution which facilitate rapid growth of the films [22,23]. 

A careful study of the growth mechanism of AZO by 
CBD method reveals that, when the alkaline zinc nitrate 
bath was heated up to a temperature of 353 K for a period 
of about 1 h, precipitation starts and deposition of AZO 
begins by heterogeneous reaction at substrate surface and 
the film thickness increased with time. The deposition 
time was varied between 2 and 5 h (Figure 2). It was 
observed that at the initial stage of the deposition process, 
the film growth rate was rapid, showing an increase rate of 
about 0.21-0.28 nm/min however, after 4 h, the growth 
rate became slower until final thickness was obtained at  
5 h. This could be ascribed to decrease in number of free 
metal and chalcogenide ions in the solution [22,24]. 
Measured values of the film thickness and surface 
roughness are presented in Table 1. 
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Figure 2. AZO film thickness variation with deposition period for different Al concentrations (a) 1 at. % (b) 2 at. % and (c) 5 at. % (d) photographs of 
the annealed synthesized AZO thin film with different Al concentrations 

Table 1. Measured film thickness and surface roughness of AZO 
with different Al concentrations 

AZO Electrodes 
with % Al Thickness (μm) Surface Roughness 

(nm) 
0 5.50 162 
1 7.78 148 
2 8.87 152 
5 10.15 154 

3.2. Structural Characterization 
Figure 3 illustrates the XRD patterns of AZO thin films 

annealed at 673 K. All the films were seen to be 
polycrystalline with hexagonal wurtzite structure, showing 
diffraction peaks, which were well indexed to ZnO 
(JCPDS File No. 00-036-1451), with lattice constants 
a=3.24982 Å and c=5.20661Å correspondingly. From the 
XRD patterns, sharp characteristic peaks were indexed to 
the crystal faces (100), (002), and (101) at 32.1o, 34.7o, 
and 36.6o, with highly oriented c-axis of high intensities 
for the film samples with Zn:Al of 0 and 2 at. %, which is 
the densest plane in wurtzite ZnO [25]. However, for AZO 
films with Zn:Al of 1 and 5 at. %, the diffraction peaks 
were highly diminished [12,14]. 

The decrease in intensity of the c-axis peak on 
incorporation of Al into ZnO (ie Al/Zn = 1 at.%) as 

observed (Figure 3b) could be attributed to the fact that 
the introduction of Al impurities in ZnO might have 
induced some crystallographic defects which results to the 
contraction of the c-axis and hence reduce the crystallinity 
of the film. However, increasing the concentration of Al to 
2 at.% enhances charge carrier concentration and mobility 
in the conduction band of the semiconductor [26,27], 
thereby reducing the amount of crystallographic defects in 
the film. This result suggests that the crystalline quality of 
the film in the ZnO (002) plane for this concentration of Al 
would improve significantly as demonstrated in Figure 3 
(c) [20,21]. As the Al concentration was further increased 
to 5 at.%, the crystallinity of the film  decreased sharply. 
This is an indication that there is more compressive strain in 
the films at higher doping level [26]. Additionally, 
according to Barna and Adamik structure zone model for 
polycrystalline metallic films level [26], as the impurity 
content is increased, there is more segregation of impurities 
at the grain boundaries of the film which result in lowering of 
grain sizes [20,26] which is similar to the case observed 
here. This implies that 2 at.% Al concentration could be the 
optimum concentration of Al in ZnO for the best 
crystalline quality film of AZO thin films. This observation is 
a slight deviation from earlier reports available in some 
literature even though they used different synthetic 
techniques and concentration of Al [20,21,26]. 

 
Figure 3. XRD patterns of AZO with different Al concentration. (a) 0 at.%. (b) 1 at.%. (c) 2 at.%. (d) 5 at. % 
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The XRD patterns further indicates a diffraction peak 
shift of 0.6o in 2θ towards the higher angle for all AZO 
films as depicted in Figure 3 (b)-(d). This may be assigned 
to the decrease in crystallite size associated with the 
diffusion and replacement of Zn with Al, with difference 
in ionic radii of Zn2+ and Al3+ (which is higher for Zn2+ as 
compared to Al3+) such that the length of the c-axis is 
expected to be shorter when Al atoms are substituted into 
Zn sites in the crystal lattice [26,27]. 

Mean crystallite size of the AZO thin films were 
estimated along the (002) crystal plane on the basis of full 
width at half maxima (FWHM) using Scherrer’s formula 
[14,28]: 

 0.9
Cos

D λ
β θ

=  (1) 

where λ, β, and θ are the X-ray wavelength (λ =1.54056 
Ǻ), full width at half maximum (FWHM) and diffraction 
peak angle, respectively. The estimated crystallite sizes 
showed that the mean crystallite size of ZnO film 
increased from 28 to 29 nm as presented in Table 2. 

Table 2. Estimated crystallite sizes of AZO thin films along (002) 
crystal plane 

% Doping of Al Mean crystallite size (nm) 

0 28 

1 16 

2 29 

5 18 

3.3. Surface Morphological Studies 
The SEM images of AZO thin films annealed at 673 K 

are depicted in Figure 4. It is clearly seen here that the 
morphology of the AZO is significantly affected by the 
concentration of Al in the semiconductor. The crystallite 

sizes and porosity of the films decreases upon introduction 
of the dopant, Al as was suggested by XRD study. This 
behaviour could be assigned to the difference between the 
ionic radius of Zn and the doping elements, Al [4,14,18]. 
The undoped ZnO (as reference, Figure 4a) shows fibrous 
nano-dendrites, well indexed to wurzite ZnO with mean 
rod size of ~28 nm. On incorporation of Al impurities into 
the semiconductor (Al/Zn = 1 at.%), the nano-dendritic 
structures became more refined however, a critical 
lowering in the mean diameter of the dendritic rods occur 
(Figure 4b), which is in good agreement with XRD result. 

By increasing the Al concentration to 2 at.%, the nano-
dendrite morphology became denser, with well-defined 
and nearly uniform rod sizes (rod diameter of ~29 nm) as 
illustrated in Figure 4(c). This is a demonstration of an 
improved crystalline quality as earlier suggested by XRD 
result. This kind of morphology is very suitable for PEC 
solar cell application. Further increase in the concentration 
of Al to 5 at.% as shown in Figure 4 (d), the SEM 
micrographs of AZO in contrast to the results of 1 and 2 
at.% were transformed to dense and randomly oriented 
nanorods of average diameter ~17 nm. This observation 
agrees with that observed by Lee et. al and Becerril et al 
using pulsed laser deposition and co-sputtering synthesis 
of AZO thin films respectively [4,18]. 

3.3. Optical Characterizations 
Figure 5, illustrates the optical absorption spectra of Al-

doped ZnO thin films for various Al concentrations. The 
absorption spectra revealed that all AZO films exhibited 
low absorbance in the visible region (from 400 nm) 
especially for the sample with Al:Zn = 1 at.%. However, 
the absorption edge for AZO films with 2 and 5 at.% Al 
concentrations were red-shifted (to 430 and 450 nm, 
respectively). This could be attributed to the enhancement 
in optical properties induced by Al doping [29,30,31]. 

 
Figure 4. SEM micrographs of AZO thin films for different Al concentrations. (a) 0 at.% (b) 1 at.%, (c) 2 at.% (d) 5 at.% 
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Figure 5. Absorption spectra of AZO thin film for different Al concentrations. (a) 0 at.%. (b) 1 at.%. (c) 2 at.%. (d) 5 at.% 

The optical band gap energy (Eg) was estimated from 
Tauc plot (Figure 6) using Tauc’s relationship between the 
absorption coefficient, α, and the photon energy, hν as 
shown in Eq. 2,  

 
( )n

o gh E
h

α ν
α

ν

−
=  (2) 

where αo is a constant, Eg is the optical band gap and n is a 
constant which depends on the probability of transition (it 
takes values as 1/2, 3/2, 2 and 3 for direct allowed, direct 
forbidden, indirect allowed and indirect forbidden transition, 
respectively) [18,32]. The band gaps of the AZO thin films 
were estimated by extrapolating to the photon energy axis, 
the linear portion of the Tuac’s plot as shown in Figure 6. 

The estimated optical band gap values show a marginal 
increase from 3.07 – 3.12 eV (undoped ZnO as reference) 
which was very sensitive to Al doping level as indicated 
by the inset of Fig. 6. When Al impurities were 
incorporated into ZnO (ie, Al:Zn = 1 at.%), there was a 
sudden lowering of band gap to 2.86 eV. Further increase 
in Al impurities to 2 at.% caused a widening of the band 
gap to 3.12 eV which later shrinked back to 3.07 eV at 5 
at.% Al concentration as illustrated in Figure 6 (d). Such 
widening of optical energy band gap with Al doping have 
been described by Burstein–Moss effect [29,30,33]. 
Burstein-moss pointed out that an increase in the Fermi 

level in the conduction band of degenerate semiconductors 
leads to widening of the energy band (blue shift) [29,30]. 
Enhancement of band gap also ensures the successful 
doping of Al in the ZnO thin films [29,30,31].  

On the other hand, the sudden lowering of band gap of 
AZO for Al:Zn = 1 at.% as earlier observed has been 
reported by Mohanty et al [26] and was explained in terms 
of stress relaxation mechanism. The reduction in slope of 
the linear portion of the Tauc plot observed for Al:Zn = 1 
at.% suggests the introduction of defect states within the 
band gap. Thus, we interpret this shift due to merging of 
impurity band into the conduction band, thereby shrinking 
the band gap [26]. Formation of such impurity band 
giving rise to new donor electronic states just below the 
conduction band is possible and this arises due to 
hybridization between states of the ZnO matrix and of the 
Al dopant [26]. It seems that such formation of donor 
levels compensates the Burstein-Moss effect and results in 
the narrowing of the effective band gap of AZO. A 
reduction of stress on the film giving rise to widening of 
the band gap for 2 at.% Al concentration may also be due 
to enhanced thickness [30,31] of AZO film which may 
have some contribution to the observed blue-shift in the 
band gap [10]. Therefore the optical band gap of the AZO 
makes a peak increase at Al:Zn = 2 at.% which may 
obviously be the optimum doping concentration for AZO. 

 
Figure 6. Tauc plot from absorbance spectra of AZO thin film for different Al concentrations. (a) 0 at.%. (b) 1 at.%. (c) 2 at.%. (d) 5 at.%. Inset shows 
the band gap trend with Al dopant variation in ZnO 
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4. Photo-electrochemical (PEC) Studies 

Photoelectrochemical (PEC) response of a solar cell is 
based on the junction between semiconductor and an 
electrolyte [15,32]. The electrolyte plays an important role 
in PEC cell in acting as a medium for charge transfer 
between the photoelectrode and counter electrode [32,34]. 
The photoresponses of the AZO electrodes were studied 
by forming typical configuration cells, n-AZO (stainless 
steel substrate)/0.1 M Na2SO4/platinum/SCE as illustrated 
in Figure 7. These PEC solar cells are easy to fabricate 
because many processing steps of p–n junction have been 
simplified or eliminated. Since the junction with liquid is 
formed spontaneously upon contact, irregular shaped single 
crystal or thin films can be used [35]. The solution-based 
measurements allowed us to quickly test the quality of 
AZO film electrodes as solar cell materials [32]. 

4.1. Current-Voltage (I-V) Curves 
The PV properties of AZO electrodes were studied by 

current-voltage measurement from the fabricated PEC 
solar cells. The current–voltage (I–V) characteristics of 
the annealed AZO thin films recorded in the dark and 
under illumination with 80 mW/cm2 simulated white light 
are shown in Figure 8(a-c). A careful study of these 
photoresponse curves revealed that the dark current 
obtained at each AZO electrode was not zero however, 
very low values were seen. This observation may be 
ascribed to the fact that the cells might have been partially 
illuminated by the background light in the experimental 

room. When the electrodes were illuminated with white 
light, all photoelectrodes showed reasonably high photocurrent 
(short circuit current density, JSC) densities with peak 
photocurrent density recorded for the electrode with Al:Zn 
= 2 at.%, as well as high open circuit voltages (VOC). The 
anodic photocurrent varied remarkably with the concentration 
of Al in ZnO thus agreeing with previous characterizations 
of the AZO. Figure 8 also represents the chopped light 
tests carried out in order to study the photosensitivity of 
the thin films. The photosensitivity confirmed that AZO 
absorber is an n-type material and is useful for the  
solar cells [34]. It became clear in Figure 8 that the 
photoresponse of the electrodes increases with increase in 
concentration of Al and made a peak at 2 at.% as earlier 
observed. The measured values of the JSC and VOC with 
respect to Al doping are shown in Table 3. 

It is however observed that the photocurrent densities 
and open circuit voltages for 1 and 5 at.% Al concentrations 
are relatively lower than that for 2 at.%. This may be  
due to some reasons earlier explained for XRD, surface 
morphology and optical characterizations, such as more 
compressive strain in the films at lower and higher doping 
levels which probably leads to a less dense nanostructures 
as illustrated in Figure 4 (b and d), and consequently low 
photoactivity [35]. The PEC measurement confirmed good 
photoactivities of the annealed AZO films prepared from 
simple CBD method. The photocurrent obtained in the 
present study is practically low for most applications requiring 
high values of current; however, it is well known that 
conversion efficiency of such film can be considerably scaled 
up by thermal, chemical and PEC surface treatments [35]. 

 
Figure 7. A schematic diagram showing photoelectrochemical current measurement set-up 

Table 3. Measured and estimated parameters of the PEC solar cells of AZO thin film electrodes from I-V characteristic 

AZO Electrodes 
with % Al 

Photocurrent Density 
(Jsc) [µA/cm2] 

Photovoltage (Voc) 
[mV] Jmax (µA/cm2) Vmax (mV) Efficiency, η (%) Fill Factor (FF) 

0 35.3 346 23.0 317 0.009 0.60 
1 51.6 358 39.0 319 0.017 0.67 
2 121.0 655 97.0 607 0.070 0.74 
5 63.0 396 48.0 360 0.022 0.69 
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Figure 8. Current-Potential (I-V) curves of AZO thin films showing current and potential in the dark and under illumination for different Al 
concentrations (a) 1 at.% (b) 2 at.% and (c) 5 at.% 

4.2. Power Conversion Efficiency (η) and Fill 
Factor (FF) 

Energy or power conversion efficiency (η) of a solar 
cell is the percentage of power converted from absorbed 
light to electrical energy and collected, when a solar cell is 
connected to an electrical circuit [14]. The power outputs 
of the AZO electrode PEC solar cells in the current work 
were determined in the dark and under illumination with 
an input power (Pin), of 80 mW/cm2. All the currents and 
potentials (Jsc, Voc, Jmax and Vmax) measured for the AZO 
thin film electrodes are shown in the I-V curve of Figure 8 
and the measured values are presented in Table 3, respectively. 
The light energy to electrical power conversion efficiency 
(η) and fill factor (FF) were estimated from the following 
Eqs.[21]: 

 ( )
2

2
(A/cm ) (V)

% 100
(W/cm )

Max Max

in

J V
P

η = ×  (3) 

 
2

2
(A/cm ) (V)

FF .
(A/cm ) (V)

Max Max

SC OC

J V
J V

=  (4) 

The estimated values of power conversion efficiencies 
and fill factors for all the AZO film electrodes are 
presented in Table 3. 

5. Conclusions 

We have understudied the PV properties of AZO thin 
film electrodes synthesized by a novel chemical bath 
deposition technique under varied concentration of Al 

dopant in ZnO between 1 and 5 at.%. The synthesized  
thin films were characterized for thickness, structural, 
morphological and optical properties. The thickness 
profile of the thin films was found in the range of  
5.50-10.15 μm which is suitable for PEC solar cell 
application. The XRD results revealed slight changes in 
the lattice parameters which occurred due to the successful 
substitution of Zn2+ by Al3+. The result further indicates a 
clear enhancement in crystallinity at 2 at.% Al concentration 
which was adduced to stress reduction and other 
crystallographic defects in the film. SEM studies revealed 
densely grown nano-dendrites for 1 and 2 at.% Al 
concentrations with the densest nanostructure for Al:Zn = 
2 at.%, having mean rod diameter of ~  29 nm, and 
randomly oriented nanorods of mean diameter ~ 17 nm 
for 5 at.% Al concentration. The density and diameter of 
the nanostructures showed strong dependence on the 
concentration of Al dopant. UV-Vis spectrophotometry 
revealed a shift in absorption edge of approximately 50 
nm into the visible band for the AZO nanostructures with 
2 and 5 at.% Al concentrations which is a significant 
enhancement in optical properties of the films. Optical 
band gap energies varied between 3.07 – 3.12 eV upon Al 
doping. The synthesized AZO thin film electrodes showed 
tremendous n-type photoactivity in sodium sulphate 
(Na2SO4) electrolyte which motivate to check its 
feasibility in solar cell applications. The PV performance, 
studied by photocurrent-voltage characteristic revealed 
enhanced short circuit currents and open circuit voltages 
in the ranges of 35.3-121 μA/cm2 and 346-655 mV, 
respectively. This yielded light energy to electrical energy 
conversion efficiencies and fill factors in the ranges of 
0.009 - 0.070 % and 0.60 - 0.74. It is clear from this study 
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that AZO semiconductor materials are better materials for 
PEC solar cell applications than undoped ZnO. 
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