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Abstract 

In this study, aluminum doped zinc oxide (ZnO:Al) films deposited from dual rotatable 

ceramic targets are systematically investigated. The influences of substrate temperature and 

working pressure as well as discharge power on different properties of ZnO:Al films including 

deposition rate, surface structure, optical and electrical properties as well as etching behaviors are 

studied. It is found that in addition to substrate temperature and working pressure the discharge 

power plays an important role in material properties of ZnO:Al films. Low rate ZnO:Al (LR-AZO) 

films with high carrier mobility of about 50 Vs/cm
2
 and high rate ZnO:Al (HR-AZO) films of 

more than 90 nmm/min with high carrier mobility of about 45 Vs/cm
2
 are achieved. However, 

there is only a narrow parameter window to achieve a regulated crater-shape surface structure for 

ZnO:Al films after a chemical wet etching process. The surface-textured ZnO:Al films were 

applied in silicon thin film solar cells and high efficiencies of 8.5% and 11.3% are achieved for 

single junction hydrogenated microcrystalline silicon (μc-Si:H) solar cells and amorphous/ 

microcrystalline  silicon (a-Si:H /μc-Si:H) tandem solar cell, respectively. 
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0. Introduction 

Surface-textured transparent conductive oxide (TCO) films are usually applied in silicon thin 

film solar cells as front contact to enhance the short circuit current (Jsc) and conversion efficiency 

due to their good light scattering effect [1, 2]. Surface-textured aluminum doped zinc oxide 

(ZnO:Al) film is an important TCO material for such an application [1]. ZnO:Al films prepared by 

magnetron sputtering are usually chemically etched in diluted HCl solution to achieve a rough 

surface structure [1, 3-6]. An optimum surface structure i.e. crater-shape of sputtered ZnO:Al films 

after etching strongly depends on specific deposition conditions [7]. Kluth et al. [7] reported three 

types of surface structures based on modified Thornton model, which strongly depend on substrate 

temperature and working pressure. Besides, Berginski et al. [8, 9] studied the role of the target 

aluminum concentration (TAC) on the optimization of surface textured ZnO:Al films for the 

application in silicon thin film solar cells. They found the optimized surface structure (Type II) of 

films with a low TAC should require relatively high substrate temperatures. In addition, the 

oxygen partial pressure would lead to different material properties [10, 11]. As a matter of fact, 

other deposition conditions like discharge power would also affect etching behaviors and surface 

structures as well as optical and electrical properties of ZnO:Al films. Thus, the systematical study 

on the influences of the main deposition conditions i.e. discharge power, substrate temperature and 

working pressure on ZnO:Al films would be much significant for the further optimizations of 

material properties and corresponding silicon thin film solar cell performances.  

In this study, the ZnO:Al films were prepared from dual rotatable ceramic targets. The 

influences of substrate temperature and working pressure as well as discharge power on various 

properties of ZnO:Al films including deposition rate, surface structure, optical and electrical 

properties as well as etching behaviors are systematically investigated. Finally, surface-textured 

ZnO:Al films were applied in silicon thin film solar cells to check their application functions.   

1. Experimental details 

ZnO:Al films were prepared on Corning glass substrates (Corning, Eagle XG) in an in-line 

sputtering system (VISS 300 by Von Ardenne Anlagentechnik, Dresden, Germany). Rotatable dual 
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magnetrons (RDM) with ZnO:Al2O3 (99.5:0.5 wt%) ceramic tube targets (760 mm in length) were 

mounted in the deposition chamber. The schematic of sputtering system with dual rotatable ceramic 

targets is shown in Fig. 1. The sputtering deposition was operated under mid-frequency (MF) 

excitation at 40 kHz. The substrate temperature varied between 225ºC and 350ºC. The applied 

discharge power was between 2 kW and 14 kW in total and the working pressure varied from 0.5 Pa 

to 2.0 Pa. The texturing of the as-deposited flat ZnO films was carried out by wet chemical etching 

in diluted hydrochloric (HCl) acid solution (0.5 wt%) at room temperature (21C). A novel two-step 

etching method, of which first etching step is carried out in diluted HF solution (1%) for a few seconds 

and then followed by the second etching in diluted HCl solution (0.5%) for more durations, was 

developed for ZnO:Al films to improve the surface structures. Surface-textured ZnO films, as served 

as front contact electrodes, were applied in single junction p-i-n hydrogenated microcrystalline 

silicon (μc-Si:H) solar cells with 1100 nm intrinsic μc-Si:H layer as well as 

amorphous/microcrystalline silicon (a-Si:H /μc-Si:H) tandem solar cells with 300 nm top intrinsic 

a-Si:H layer and 1100 nm intrinsic μc-Si:H layer, which were prepared by plasma enhanced 

chemical vapour deposition (PECVD) technique.  

The thicknesses of ZnO:Al thin films are tested with surface profiler with the accuracy of 

10 nm ( Dektak 3030, Veeco Instruments Inc). The electrical properties of ZnO:Al thin films were 

characterized by Hall effect measurements. Diffuse and total transmissions (DT and TT) as well as 

total reflection (TR) and the absorption of ZnO:Al thin films were measured by a double-beam 

spectrophotometer with an integrating sphere (Perkin Elmer Lambda 19). In order to avoid the test 

error by the rough surface structures, the index matching liquid (CH2I2) was used during the TT and 

TR measurements [12]. The topographies of the samples were investigated by scanning electron 

microscopy (SEM, Supra 55VP SmartSEMTM, Carl Zeiss, Germany). The chemical compositions 

of sputtered ZnO:Al films were characterized by secondary ion mass spectroscopy (SIMS). The 

current-voltage (I-V) parameters of silicon thin films solar cells were measured with the sun 

simulator (WACOM-WXS-140S-Super) under the standard tested conditions (1000 W/m
2
, AM1.5, 

25C).    
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2. Results and discussions 

2.1 Influences of substrate temperature and discharge power on ZnO:Al films 

Fig. 2 shows the dynamic deposition rates (DDRs) of ZnO:Al films deposited at different 

substrate temperatures and discharge powers as well as different working pressures (1.0 Pa and 1.5 

Pa). ZnO:Al films deposited at a specific discharge power and different substrate temperatures show 

similar DDRs. It is also found that the DDR almost linearly increases from approximate 

11 nmm/min up to 90 nmm/min with the enhanced discharge power from 2 kW to 14 kW. The 

thicknesses of all films are kept between 800 nm and 1000 nm. The normalized DDR is about 

6 nmm /(minkW) here. Kim et al.[13] reported that the deposition rate decreased with the 

increasing substrate temperature due to thermal desorption of adatoms from substrate surface. 

However, such a kind of observation did not happen here, which could be due to the relatively 

higher working pressures (1.0 Pa and 1.5 Pa) compared to the working pressure of 2 mTorr ( is 

approximately equal to 0.26 Pa) used in the reference [13]. Even though the substrate temperature 

seems not to strongly effect on the deposition rate, it leads to different electrical properties and grain 

structures as well as etching behaviors.  

As shown in Fig. 3(a). the resistivity () drops from about 3.0×10
-3Ωcm to about 

5.0×10
-4Ωcm with the increase of substrate temperatures from 225 °C to 350 °C for ZnO:Al films 

deposited at 4 kW and 14 kW as well as 1.5 Pa. Besides, the resistivity of the films deposited at 

14 kW and a specific substrate temperature seems slightly lower than that of films deposited at 4 kW. 

Even though the ZnO:Al films deposited at 1.0 Pa as well as at 2 kW and 8 kW show the similar 

trend in resistivity, the high rate films (under 8 kW) at low substrate temperatures, for example at 

250 °C, show a higher resistivity than that of low rate films (2 kW).  

As can be seen in Fig. 3(b), the carrier concentration first increases and then decreases towards 

high substrate temperatures. The first increase in carrier concentration towards high substrate 

temperatures could be due to the excitation of aluminum dopant atoms. Differently, the decrease at 

very high substrate temperatures might be caused by desorption (or re-evaporation) of superfluous 

zinc atoms as well as aluminum impurity atoms, which will be discussed below. Similar 

dependence relationship can be found from ZnO:Al films reactively or non-reactively sputtered at 
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different substrate temperatures [8, 14]. Furthermore, the films deposited at high discharge powers 

like 8 kW and 14 kW show a lower carrier concentration compared to the films deposited at low 

discharge powers in this case. High discharge power may lead to the formation of alumina, which 

reduces the doping percent and results in a decrease in carrier concentration [15]. Moreover, the 

carrier concentration of ZnO:Al films prepared from the targets with the same doping level 

(0.5 wt%) is similar to the report by Berginski et al [8]. 

The dependence of carrier mobility () of ZnO:Al films on substrate temperature is given in 

Fig. 3(c). The mobility increases with the enhanced substrate temperature. Highest mobility of up 

to 50 cm
2
/Vs was achieved for low rate films deposited at 2 kW. Even for high rate films 

deposited at 14 kW, a high mobility of about 45 cm
2
/Vs was obtained. It is a great advantage for 

such a kind of sputtering technique. The high substrate temperature leads to a high crystallizations 

of polycrystalline ZnO:Al films and then reduces the scattering of carrier (electron) at the grain 

boundaries [16-18]. Moreover, the hall mobility is expected to reduce when the substrate 

temperatures increases to an even higher temperature. Since high substrate temperatures could 

lead to the strong a re-evaporation of zinc atoms as well as the formation of alumina, which works 

as local defects and then results in the decrease of hall mobility [14, 15, 19-21]. In addition, the 

tensile stresses at high substrate temperatures, which are usually caused by grain boundary 

relaxation [22, 23], could be dominated compared to the compress stresses.   

Fig. 4  shows the aluminum atom percent (Al/(Al+Zn)) i.e. CAl measured with SIMS and 

carrier concentration measured with Hall effect measurement for ZnO:Al films deposited at 2 kW 

and different substrate temperatures. The Al to (Al+Zn) atom ratio in the ceramic targets is 

0.792 at%. The ZnO:Al film deposited at 250 °C shows a high CAl but a low carrier concentration. 

When substrate temperature reaches to 300 °C, the ZnO:Al film shows a low CAl and a high 

carrier concentration as well. As the substrate temperature increases further, the carrier 

concentration decreases, which could be due to the decrease of CAl in films as shown in Fig. 4 . 

The observations above demonstrates that part of aluminum atoms at a low substrate temperature 

do not replaced the Zn atoms and thus have not contributed to doping as well as carrier 

concentration in ZnO film. High substrate temperature leads to a high doping [24] but in the mean 

while may results in a slight evaporation for aluminum atoms [14]. Compared to the doped level 

in the targets (0.792 at% CAl), the CAl values in films are much higher. It implies that much more 
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zinc atoms may be evaporated from film surface thanks to a high zinc evaporation pressure 

compared to aluminum atoms [14]. 

Fig. 5 shows that the etching rate of ZnO:Al film decreases with the increasing substrate 

temperatures. For the films deposited at 4 kW and 2 kW as well as different substrate temperatures 

in the range of 225-350 °C, the etching rate drops from 11 nm/s to 4 nm/s and from 7 nm/s to 

2.5 nm/s, respectively. The films deposited at 8 kW and 14 kW present the high etching rates of up 

to 8 nm/s at the substrate temperatures of less than 300 °C. The etching rate dramatically drops to 

about 2 nm/s at high substrate temperatures. Additionally a higher working pressure leads to a 

higher etching rate as shown in Fig. 5. More details about the influence of working pressure on the 

etching behavior will be discussed in details in the following section.  

By a chemical wet etching in HCl solution only films deposited at substrate temperatures of 

higher than 325 °C and 2 kW show crater-like surface structures as shown in Fig. 6 (a), which are 

defined as Type B by Kluth et al. based on the modified Thornton model [7]. The high rate ZnO:Al 

films (HR-AZOs) deposited at 350 °C and 14 kW display the flat surfaces with a few craters on the 

surface as shown in Fig. 6 (d) . Almost all films deposited substrate temperature of lower than 

300 °C (except the film deposited at 2 kW and 300 °C), show Type A surface structures (hill-like 

structures with small feather sizes in diameter and depth) as shown in Fig. 6 (c, e and f) . The film 

deposited at 2 kW and 300 °C, shows wide but shallow craters on the surface (see Fig. 6 (b)), which 

would be generally regards as the Type C. However, such a kind of surface structure is different 

from the defined Type C. Since the etching rate of this type is much higher than that of the defined 

Type C and even higher than that of Type B as shown in Fig. 5. Thus we do think there exists a 

narrow transition zone between Type A region and Type B region, which was not observed and 

marked by Kluth et al [7].    

The optical properties (TT and absorption as well as haze i.e. DT to TT ratio) of 

surface-textured low rate ZnO:Al films (LR-AZOs) deposited at 2 kW and HR-AZOs deposited at 

14 kW are shown in Fig. 7. As can be seen in Fig. 7 (a and b), they show a high TT of more than 

85% and a very low absorption close to zero in visible spectral region. Differently, the etched 

LR-AZOs (2 kW) prepared at 325 °C and 350 °C with large crater-like surface show high hazes of 

up to 70% at 700 nm. In addition, the LR-AZOs deposited at substrate temperatures of less than 

300 °C display low hazes. Especially for the film deposited at 300 °C with large but shallow 
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craters, it shows a low haze. As to etched HR-AZOs they show high TT, low absorptions and very 

low hazes less than 30% at 700 nm irrespective of the surface textures.  

2.2 Influences of working pressure and discharge power on ZnO:Al films 

The DDRs of ZnO:Al films deposited at different working pressures and discharge powers are 

given in Fig. 8, where the lines are fits based on Keller-Simmons model [25-28]. Note that substrate 

temperature for all film depositions is 350°C. For LR-AZOs deposited at 2 kW, the highest DDR of 

11 nmm/min was obtained. The high DDR of up to 90 nmm/min was achieved for high rate films 

deposited at 14 kW. For each series of samples in term of the specific discharges, the DDR tends to 

decrease with the increasing working pressures due to high particle collisions at high working 

pressures. As to the decrease of DDR at low working pressures, it is mainly caused by the 

re-sputtering of sputtered atoms from the film surface [25, 26]. Furthermore, the shift of DDR 

towards low values becomes profound at higher discharge powers. As shown in Fig. 8, the zero 

pressure-distance product (pd)0 [27], which is the characteristic of the exponential decay of 

deposition rate with working pressure, increases from 55 Pacm to 165 Pacm with the enhanced 

discharge power from 2 kW to 14 kW. The high (pd)0 value implies a high mean free path and 

therefore a slow decay of deposition rates. Similar relationship between (pd)0 and deposition rate 

was observed by Drüsedau el al [27]. 

Fig. 9 shows the electrical properties of as-deposited ZnO:Al thin films as a function of 

working pressure. The resistivity initially decreases and then increases with the increase of the 

working pressure between 0.5-3 Pa for all series of ZnO:Al films. The minimal resistivity values of 

3.4 ×10
-4 

Ωcm and 3.6×10
-4 

Ωcm for LR-AZOs deposited at 2 kW and 4 kW, respectively, are 

obtained at 1.5 Pa. For HR-AZOs deposited at high discharge powers like 14 kW, the minimum (3.8 

×10
-4 

Ωcm) appears at a higher working pressure like at 2.0 Pa. Moreover, the HR-AZOs deposited 

at low working pressures display higher resistivity compared to L R-AZOs. However, the 

resistivity for all films here is in the range of 3.4×10
-4 

Ω·cm and 5.0×10
-4 

Ω·cm, which demonstrates 

a great advantage for such a sputtering technique. 

The carrier concentration n is between 3.0 ×10
20 

cm
-3

 and 3.9 ×10
20

 cm
-3

 as shown in Fig. 

9(b), which is in the range of carrier concentration reported by Berginski et al [8]. The very low 
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and high working pressure leads to slightly low carrier concentration and for these films. In the 

same way, the very low and high working pressure leads to slightly low mobility. Besides, the 

mobility at low working pressures for HR-AZOs is lower than that for LR-AZOs. A high mobility 

of up to 50 cm
2
/Vs was achieved for LR-AZOs. Even for HR-AZOs, a high mobility of up to 46 

cm
2
/Vs was achieved. The low carrier concentration and low mobility may be related to the high 

energetic negative oxygen ion bombardment [20], which may lead to the formation of alumina and 

then results in a low doping level and a low carrier concentration [15, 29]. When the working 

pressure increases further, thermalization of sputtered particles through collision at high working 

pressures reduces diffusion energies of particles on film surface [13, 30]. As a result, grains of 

small size and more grain boundaries form in the ZnO:Al films, which results in a high scattering  

and then a decrease of carrier mobility.  

As shown in Fig. 10, the etching rate of ZnO:Al films increases from 1.5 nm/s to about 9 nm/s 

with the increase of working pressures. For films deposited at low working pressures, they seem 

much more compact and etch-resistant. Moreover, the films deposited at high discharge powers 

display a relatively low etching rate at a specific working pressure.  

By chemical wet etching, ZnO:Al films deposited at different discharge powers and working 

pressures show different surface structures as well. As an example, Fig. 11 shows the surface 

structure of etched films deposited at different working pressures as well as 2 kW (LR-AZO: a, b, c 

and d) and 14 kW (HR-AZO: e, f, g and h). The LR-AZO films deposited at 0.5 Pa and 1.0 Pa 

display regular surface structure Type B, with the feather sizes of 1-2 m in diameter and about 

450 nm in depth (see Fig. 11(a)). The film prepared at 1.5 Pa shows a relatively flat surface with 

only a few large but shallow craters on the surface as shown in Fig. 11(b), which is similar to Type C 

(low etching rate, only a few large and shallow craters distributing on the surface) [7]. Based above 

result s, such a structure exists in the transition zone between Type A and Type B as mentioned 

above. With the increase of working pressure, the corresponding ZnO:Al films turn into hill-like 

surface textures as shown in Fig. 11(c and d). For the HR-AZOs, they all show flat surfaces and no 

Type B textured surface appear, which could be due to the influence of high discharge power. We 

can conclude that there is only a narrow deposition condition window for formation of Type B 

ZnO:Al films. As a matter of fact, the textured surface of ZnO:Al films after etching depends on 

not only substrate temperature and working pressure but also discharge power as well as other 
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conditions like oxygen partial pressure [10].  

As pointed out above, the etching behaviors are strongly related with the grain structures. 

However, it is not clear about the exact relationship between them so far. Maki et al. [31] studied the 

chemical wet behaviors on single crystal ZnO (001) polar surfaces i.e. Zn-terminal surface and 

O-terminal surface. After etching in HCl solution, the hexagonal pit shape formed. In fact, Hüpkes 

et al. also reported different surface structures by etching single crystal ZnO from Zn-terminal 

surface and O-terminal surface [32, 33]. However, for polycrystalline ZnO:Al the etching behavior 

is much more complex. Different deposition conditions lead to the formation of different surface 

textures after the chemical wet etching treatment.    

Similar to the temperature series of thin films mentioned above, LR-AZOs and HR-AZOs 

deposited at different working pressures show high TT and low absorptions as shown in Fig. 12 (a 

and b). As shown in Fig. 12 (c) etched LR-AZOs deposited at 0.5 Pa and 1.0 Pa show high hazes 

of up to 70% at 700 nm, whose surface textures belong to Type B. But the LR-AZOs deposited at 

pressures of more than 1.5 Pa show low haze. For etched HR-AZOs, they present low hazes of 

less than 30% at 700 nm. Thus it is a challenge for us to improve the surface structure of 

HR-AZOs.  

2.3 Solar cells 

Surface-textured LR-AZO (2 kW, 350C) and HR-AZO (14 kW, 350C) films were applied 

in μc-Si:H solar cells as front contact electrodes and the corresponding I-V results of solar cells 

are listed in Table I. For the cells A1-A5 with LR-AZO as front contacts, the highest conversion 

efficiency  of 8.5 % were achieved for solar cell A2 on crater-shape ZnO:Al film deposited at 1 

Pa due to and a relatively high short current density (Jsc) of 22.9 mA/cm
2
 and a relatively high fill 

factor (FF) 71.4%. For cell A4 and A5 with the LR-AZO front contacts of hill-like surface 

structure, low FF values of 64-65 % and low Voc of 0.49-0.50 V were obtained. However, the 

relatively high Jsc of higher than 21 mA/cm
2 

were still achieved. The cell A3 with relatively flat 

LR-AZO front contact shows a high FF but a low Jsc due to a low light scattering or light trapping 

effect, which are similar to the cells B1-B4 with HD-AZO front contact as shown in the Table I. 

Differently, the cell A1 with largest crater LR-AZO front contact (SEM image is not shown here) 
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shows a highest Jsc of 23.3 mA/cm
2 
but a relatively lower FF compared to the cells A2 and A3. The 

low FF could be due to the formation of micro-voids in the μc-Si:H solar cells grown on deep 

valley ZnO front contact [34-36] even though good light trapping effect (or high haze) and high Jsc 

are obtained. By dry plasma treatment or coating with a nano-scalar on the textured ZnO front 

contact, FF could be effectively improved [34, 37]. Moreover, reducing the feature sizes of craters 

of textured ZnO front contact, for example by decreasing chemical wet etching time, is also 

expected to improve the FF.  

Furthermore, the crater-shape LR-AZO film (2 kW, 350C, 1.0 Pa) was used for preparation 

of a-Si:H /μc-Si:H tandem solar cell and higher efficiency of 11.3% had been achieved. However, 

it seems that the FF is still low [38], which could be also due to the defects i.e. micro-voids in the 

bottom μc-Si:H materials [34-36]. Thus more works should be carried out to improve the FF of 

tandem solar cells in the near future.  

As to the solar cells with ZnO:Al substrates of low temperatures, they show low FF, high Jsc 

and resulting low efficiencies (not shown here), which are similar to the solar cells with ZnO:Al 

substrates deposited at high substrate temperatures and high working pressures (Cells A4, A5 and 

A6) because of the similar surface structures as compared in Fig. 6 and Fig. 11. 

As seen from cells A3 and B1-B4, ZnO:Al front contacts with flat surface structure result in a 

high FF but a low Jsc for the corresponding μc-Si:H solar cells. However, a novel two-step etching 

method combining the HF etching and HCl etching for these flat ZnO:Al films could effectively 

improve the surface structures as well as light scattering properties and corresponding high 

efficiency solar cells (11%) have been achieved in our group [39, 40].  

3. Conclusions 

In this study, ZnO:Al films deposited from dual rotatable ceramic targets are systematically 

investigated. The influences of substrate temperature and working pressure as well as discharge 

power on ZnO:Al films were studied. In addition to the substrate temperature and working 

pressure, the discharge power plays an important role in different properties of magnetron 

sputtered ZnO:Al films here including optical and electrical properties, deposition rate, surface 

structure and etching behavior. A high carrier mobility of about 45 Vs/cm
2  

for HR-AZO films of 
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up to 90 nmm/min are obtained, which is close to the highest carrier mobility (50 Vs/cm
2
) of 

LR-AZO films. The sputtered ZnO:Al films show different surface structures after a chemical wet 

etching process, which strongly rely on different deposition conditions such as substrate 

temperature, working pressure and discharge power here. However, there is only a narrow 

parameters window i.e. low discharge power, high substrate temperature and low working 

pressure for sputtered ZnO:Al films to achieve a good surface structure (Type B) after a chemical 

wet etching process based on the observations in this study. However, for the etched ZnO:Al film 

with relatively flat surface structure, they can be improved through a novel two-step etching 

method of HF etching plus HCl etching. The surface-textured ZnO:Al films were applied in 

silicon thin film solar cells and higher efficiencies of 8.5% and 11.3% are achieved for single 

junction μc-Si:H solar cells and a-Si:H /μc-Si:H tandem solar cell, respectively.  
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Captions 
 

Fig. 1 Schematic of rotatable dual magnetron sputtering system.  

Fig. 2 Dependence of dynamic deposition rate (DDR) of ZnO:Al films on substrate temperature and 

discharge power. 

Fig. 3 Resistivity (a), carrier concentration (b) and mobility (c) of ZnO:Al films as a function of 

substrate temperature. The lines are guides for the eyes. 

Fig. 4 Aluminum atom concentration (Al/(Al+Zn)) measured with SIMS and carrier concentration 

measured with Hall effect measurement for films deposited at 2 kW and different substrate 

temperatures from ceramic targets with an atom ratio of Al to (Al+Zn) of 0.792 at% or an aluminum 

oxide weight percent of 0.5 wt%. 

Fig. 5 Etching rate of ZnO:Al films as a function of substrate temperature. 

Fig. 6 Surface structures of after-etched ZnO:Al films deposited at 2 kW (left) and 14 kW (right) as 

well as different substrate temperatures: (a) 2 kW, 350C, (b) 2 kW, 300C, (c) 2 kW, 250C, (d) 14 kW, 

350C, (e) 14 kW, 300C, (f) 14 kW, 250C,, 

Fig. 7 Transmission and absorption as well as haze of textured ZnO:Al films deposited at 2 kW (a and 

b), 14 kW (c and d), respectively, and different substrate temperatures as well as other corresponding 

deposition conditions.  

Fig. 8 Dependence of deposition rate of ZnO:Al films on working pressure and discharge power. The 

lines are fits based on Keller-Simmons model [25-28].  

Fig. 9 Resistivity (a), carrier concentration (b) and mobility (c) of ZnO:Al films as a function of 

working pressure. The lines are the guides for the eyes. 

Fig. 10 Etching rate of ZnO:Al films as a function of working pressure. 

Fig. 11 Surface structures of etched ZnO:Al films deposited at different working pressures of 0.5-3 Pa 

as well as different discharge powers by a chemical wet etching step in diluted HCl solution (0.5%). 

Fig. 12 Transmission and absorption of textured ZnO:Al films deposited at 2 kW (a) and 14 kW (b), as 

well as haze respectively, and different working pressure as well as other corresponding deposition 

conditions. 

 

Table I The I-V results of silicon thin film solar cells with the LR-AZO (2 kW) and HR-AZO (14 kW) 

films as front contact electrodes. The types of silicon thin film solar cells as well as the deposition 

conditions of ZnO:Al films are described as well.  
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