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Textured gallium-doped zinc oxide (GZO) films were prepared by post etching sputter-deposited GZO films. In order to 
achieve balanced optical and electrical properties, GZO films were deposited at low temperature from targets with different 
gallium concentrations. With the purpose of extending etching time, buffer solutions such as acetic acid and sodium acetate 
were added to the traditional etchant 0.5 % HCl. Finally, the optimized textured GZO films were applied as front contacts in 
amorphous silicon solar cells. A short-circuit current density of 14.340 mA/cm2 and an initial aperture area efficiency of 8.784 
% were obtained on 16×16 cm2 substrate. 
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1. Introduction 
 
For thin film silicon solar cells, one of the most 

effective ways to increase conversion efficiency as well as 
decrease production cost is the improvement in the 
properties of the transparent conductive oxide (TCO) glass, 
which is commonly used as a front contact and an optical 
window in the p-i-n (superstrate) structure. The traditional 
commercial TCO glass, with its TCO layer consisting of 
SnO2:F, is provided by only few manufacturers. The high 
price of SnO2:F coated TCO glass takes up nearly 20% of 
the total cost of the thin film silicon solar cells. 
Nevertheless, SnO2:F is not the best material for TCO 
glass, since the strong hydrogen plasma which is needed 
for fabricating high conductive p-type a-Si:H layer on 
SnO2:F layer, will deoxidize and darken the SnO2:F film, 
thus deteriorate the performance of the cell [1].  

ZnO is thought to be one of the appropriate substitutes 
of SnO2:F and solutions of such problems mentioned 
above. Generally, there are two approaches to fabricate 
textured ZnO films. One is to deposit textured ZnO:B 
films directly by LP-MOCVD, which suffer from poor 
thermal stability [2]. The other is to texture the sputter 
deposited doped ZnO films by post-deposition chemical 
etching. The most widely used dopant is aluminum, whose 
high reactivity would result in oxidation during the growth 
of AZO films. In contrast, gallium is more resistant to 
oxidation, leading to higher carrier concentration. In 
addition, the similarities in the radiuses of gallium (0.126 
nm) and zinc (0.135 nm) and in the covalent bonds lengths 
of Ga-O (0.192 nm) and Zn-O (0.197 nm) would minimize 

the deformation of the ZnO lattice even in the case of high 
gallium concentration [3]. 

In this work, we focus on the optimization of process 
conditions of textured GZO films. Many previous studies 
showed an improvement in crystallinity of the AZO films 
when deposited at elevated temperature up to about 350 °C 
[4-6]. From the view of saving thermal budget and the 
possible application in flexible polymer substrates, 
however, high quality ZnO films should also be obtained 
in low temperature process. Based on this consideration, 
we study the influence of the target gallium concentration 
on the optical and electrical properties of GZO films 
deposited at relatively low temperature. With the aim of 
making the wet-chemical etching time long enough to be 
controllable in industrial processes, we improve the 
etchant solutions. Then, we investigate surface 
morphologies, haze spectra and structure properties of the 
textured films, respectively. Finally, we present the results 
on amorphous silicon solar cells fabricated on commercial 
SnO2:F with standard p-i-n structure and on optimized 
textured GZO without and with p-type μc-Si:H layer 
inserted between GZO and p-type a-SiC:H layer. 

 
 
2. Experimental 

 
GZO films were prepared on float glass at 70 °C by 

rf-magnetron sputtering from ceramic GZO targets with 
0.5, 2.5 and 3.2 wt.% of Ga2O3, respectively. The initial 
flat films were textured by wet-chemical etching. We 
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added acetic acid and sodium acetate, which were served 
as buffer solutions, to the traditional etchant 0.5 % HCl. 
The etching time was prolonged up to 120 s while 
maintaining good optical and electrical properties of the 
films. The thickness of deposited film was measured by 
surface profiler (P-16+, KLA Tencor), the sheet resistance 
was determined by a four-point-probe (DJ-II, Guangzhou 
Institute of Semiconductor), the surface morphology of the 
film was examined by atomic force microscope (XE-100, 
Park Systems), the orientation of the crystallites was 
investigated by X-ray diffraction (X’Pert PRO, 
Panalytical), the optical transmittance and haze factor of 
the film were measured by UV-Vis-NIR 
spectrophotometer (Cary 5000, Varian) and hazemeter 
(MFS-530, Hongming technology), respectively. Finally, 
a-Si:H p-i-n solar cells were fabricated by rf-PECVD on 
16×16 cm2 substrate of commercial SnO2:F and optimized 
textured GZO, respectively. The J-V characteristics of the 
solar cells were investigated under standard test conditions 
(AM 1.5, 100 mW/cm2 at 25 °C) using a sun simulator 
(93194A-1000, Newport). 

 
 
3. Results and discussion 
 
3.1 Influence of the target gallium concentration 
 
For the application in thin film silicon solar cells, 

especially for μc-Si:H based solar cells, TCO has to 
combine low resistivity and high transparency in the 
visible and near infrared (NIR) spectral range. High carrier 
concentration leads to low resistivity but high free carrier 
absorption loss in the long wavelength region. There exists 
a tradeoff between the low resistivity and low free carrier 
absorption loss. In previous studies, Agashe et al. and 
Berginski et al. investigated the influence of the target 
alumina concentration on the optical and electrical 
properties of AZO films, respectively [6,7]. In this work, 
under the same sputter parameters, we deposited GZO 
films from ceramic targets with 0.5, 2.5 and 3.2 wt.% of 
Ga2O3, respectively. Fig. 1 shows the optical transmittance 
in the range of 400-1200nm. Comparing the textured and 
flat GZO films, the increased scattering reduces the 
coherent part of the light, and results in smoothing 
interference fringes of the transmittance curves. According 
to the Burstein-Moss effect, the short wavelength turn-on 
edge is shifted to smaller wavelengths with increasing of 
target gallium concentration [8,9]. The average 
transmittance in the visible range is similar for different 
target gallium concentrations, while in the red and NIR 
range, the difference in transmittance between the high 
and low target gallium concentration is more pronounced. 
On the other hand, as the increase of the target gallium 
concentration, the number of free carriers in deposited 
GZO films increases and the value of sheet resistance 
decreases. Figure of merit, FTC, is introduced to compare 
the balanced optical and electrical performances                                                             
[10]. 
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where Tlum, Rsheet, f(λ) and T(λ) are transmittance, sheet 
resistance, solar spectral irradiance and measured 
transmittance, respectively. Larger value of FTC means 
better balanced optical and electrical properties. From 
Table 1, the optimum values of FTC occur at the target 
gallium concentration of 3.2 and 0.5 wt.% for the spectral 
range of 400-800 nm and 400-1200 nm, respectively.  
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Fig. 1. Optical transmission of textured and flat GZO 

films. 
 

Table 1. Optical and electrical parameters for various 
target gallium concentrations (λ1 stands for 400-800 nm, 

λ2 stands for 400-1200 nm). 
 

3.2 wt.% 2.5 wt.% 0.5 wt.%  λ1 λ2 λ1 λ2 λ1 λ2 
Rsheet 
(Ω/ 
sq) 

5.7 10.7 14.5 

Tlum 
(%) 85.1 78.3 82.3 81.0 85.5 86.5 

FTC 
(10-2

Ω-1) 
3.49 1.52 1.32 1.14 1.44 1.61 

 
3.2 Optimization of the etching process 
 
For smooth GZO films, the etching process usually 

adopted is a short dip in 0.5 % HCl, and the etching time is 
typically around 15 s [11], which is too short to be 
controllable in industrial processes. Moreover, Kluth et al. 
showed that the etching rate increased with decreasing 
substrate temperature due to low compactness of deposited 
AZO films [12]. For the etching of GZO films deposited at 
low temperature, we added buffer solutions, such as acetic 
acid and sodium acetate, so that the pH changed less than 
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what it would be if 0.5 % HCl was not buffered.  
 

ZnO + 2H+ = Zn2+ + H2O                (3) 
 

CH3COOH + H2O ⇋ H3O+ + CH3COO-     (4) 

 
Following Le Chatelier’s principle, when hydrogen 

ions (H+) are added to the buffer solution, CH3COOH 
would be formed first, as there are H+ on the right-hand of 
the equilibrium (4). Oxygen site in the ZnO structure 
would not be attacked immediately. Therefore, etching 
time can be extended. As observed from Fig. 2, the flat 
GZO films are anisotropically etched leading to a 
crater-like texture surface, whose root mean square 
roughness (δrms) values are 46.919 nm and 72.929 nm as 
determined by AFM, for etching time of 60 s and 90 s, 

respectively. 

 
 

Fig. 2. AFM micrograph of a textured GZO film with δrms 

of 72.929 nm. 

 

 
(a) 

 
(b) 

Fig. 3. Depth distribution and cross-section profiles from AFM of GZO films etched for different times. (a) δrms =46.919 nm, (b) 
δrms =72.929 nm. 
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Etching introduces light scattering and consequently 

light trapping. The haze factor, which is calculated by the 
ratio of diffuse to total transmittance, is an indicator for 
light scattering properties. Depending on the sputtering 
and etching processes, the haze factors can be tuned over a 
wide range. Fig. 4 shows high haze factor of 27.16 % at 
the wavelength of 550 nm is achieved by the GZO film 
etched for 90 s compared with the value of 16.77 % of 
commercial SnO2:F film (Asahi type-U). 
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Fig. 4. Haze spectra of textured GZO and 

 commercial SnO2:F. 
 
 

3.3 Structure analysis of GZO films etched by  
   various times 
 
The strongest (002) diffraction line at a 2θ value of 

34.42° in the X-ray diffraction pattern reveals that the flat 
GZO films are polycrystalline with hexagonal structure 
and with c-axis oriented perpendicular to the substrate 
surface. After etching, the locations of the (002) diffraction 
peaks do not change significantly. As etching time 
increases, more films on top are etched, and more films 
formed initially are exposed. The decease in peak intensity 
corresponding to the plane (002) as well as the increase in 
full width at half maximum (FWHM) of the peak indicate 
the decreased grain size and increased scattering in 
inter-crystalline boundaries of the films formed initially. In 
other words, the (002) peak intensity enhances with the 
increase of thickness, which is consistent with the results 
of E. Fortunato et al. [13]. 

20 30 40 50 60

etching 150s

etching 100s

 

 

In
te

ns
ity

 (a
.u

.)

2 theta (degree)

etching 0s

(002)

 
Fig. 5. X-ray diffraction spectra of GZO films etched by 

different times. 
3.4 Application in a-Si:H single junction solar cells 
 
In order to evaluate the quality of textured GZO films, 

a-Si:H single junction solar cells consisting of glass/ TCO/ 
(p) a-SiC:H/ (i) a-Si:H  

260 nm/ (n) a-Si:H/ GZO/ Al were prepared on 
optimized textured GZO films, which were obtained from 
deposition from the target with 3.2 wt.% of Ga2O3 and 
etching in mixed etchant solutions for 90 s. 
Simultaneously, a reference cell was fabricated on 
commercial SnO2:F (Asahi type-U). 

The cell based on the doped ZnO coated glass suffers 
from the ZnO/p contact problem which limits the 
achievable fill factor [14-16]. The work function 
difference between n-type ZnO and p-type a-SiC:H causes 
band bending and builds a potential barrier in the p-layer, 
which leads to an imperfection ohmic contact. To solve 
this contact problem, p-type μc-SiC:H [14], n-type μc-Si:H 
[15] and a-Ge:H [16] were inserted between ZnO and 
p-type a-SiC:H layer. Here, we utilized a thin (~10 nm) 
p-type μc-Si:H layer to overcome the high contact 
resistance. From Table 2, we find an improved fill factor 
and a slightly decreased current density due to the parasitic 
absorption loss of the p-type μc-Si:H. There is an increase 
of 5 % in the cell efficiency with the insertion of p-type 
μc-Si:H layer. The data also show improved performance 
of a-Si:H solar cells prepared on optimized textured GZO 
as compared to on commercial SnO2:F. The higher values 
of Jsc and efficiency indicate more effective light trapping 
ability and balanced optical and electrical properties of the 
optimized textured GZO films. Finally, a short-circuit 
current density of 14.340 mA/cm2 and an initial aperture 
area module efficiency of 8.784 % were obtained on 
16×16 cm2 textured GZO coated glass substrate. 

 
Table 2. Illuminated J-V characteristics of a-Si:H solar 
cells fabricated on commercial SnO2:F (#1) with 
standard p-i-n structure and on textured GZO without (#2) 
and with (#3) p-type μc-Si:H layer inserted between GZO  
              and p-type a-SiC:H layer. 

 
Cell 

# 
Jsc 

(mA/cm2) 
Voc 
(V) 

FF 
(%) 

Eff. 
(%) 

1 13.955 13.347 68.706 8.530 
2 14.520 13.469 64.145 8.363 
3 14.340 13.439 68.373 8.784 
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Fig. 6. J-V curves of a-Si:H solar cells prepared on 
commercial SnO2:F and on optimized textured GZO. 

4. Conclusions  
 
In this study GZO films were deposited at low 

temperature by rf-magnetron sputtering from ceramic 
ZnO:Ga2O3 targets with different gallium concentrations. 
As increasing of target gallium concentration, the 
conductivity of the deposited GZO film increases, but the 
transmittance in the long wavelength region decreases. 
The optimum values of figure of merit (FTC) occur at the 
target gallium concentration of 3.2 and 0.5 wt.% for the 
wavelength of 400-800 nm and 400-1200 nm, respectively. 
As for the etching process, a mixture of diluted 
hydrochloric acid and buffer solutions was used to extend 
the etching time up to 120 s. The GZO film etched for 90 s 
has a δrms value of 72.929 nm and a haze factor of 27.16 % 
at the wavelength of 550 nm, respectively. X-ray 
diffraction spectra show that the deposited flat GZO films 
are polycrystalline with hexagonal structure and with 
c-axis oriented perpendicular to the substrate surface. As 
etching time increases, the decease in peak intensity 
corresponding to the plane (002) as well as the increase in 
full width at half maximum (FWHM) of the peak indicate 
the decreased grain size and increased scattering in 
inter-crystalline boundaries of the films formed initially. 
Finally, a-Si:H solar cells fabricated on textured GZO 
show improved performance as compared to on 
commercial SnO2:F, confirming the more effective light 
trapping ability and balanced optical and electrical 
properties of the optimized textured GZO films. 
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