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Abstract Transparent conductive surface textured

Al-doped zinc oxide (ZnO:Al, AZO) thin films were pre-

pared on glass substrates by direct current pulse magnetron

sputtering at substrate temperature of 270 �C and post-

etching in NaOH solution at room temperature. The effects

of Ar flow rate on the structural, optical, electrical prop-

erties and light trapping ability were investigated system-

atically. With the increasing of Ar flow rate from 10 to

50 sccm, different surface features ranging from honey-

comb-like to crater-like structures were observed. The

relationship between surface textured structures and Ar

flow rate was discussed. The AZO film deposited with Ar

flow rate in 50 sccm displayed fine optoelectronic proper-

ties, improved figure of merit and effective surface textured

structures for light trapping, which could be applied as a

transparent conducting electrode in silicon-based thin film

solar cells.

1 Introduction

Aluminum doped zinc oxide (ZnO:Al, AZO), a promising

transparent conducting oxide material, has been widely

used as transparent electrode for optoelectronic devices [1–

4]. Specifically, as standard front contacts, AZO films have

received great interest in the applications of silicon-based

thin film solar cells, owing to their high transparency in the

visible wavelength range and low resistivity, as well as

their low cost, non-toxicity and stability under hydrogen

plasma environment [5–7]. In addition, textured surfaces of

AZO films are required to provide the effective light

trapping, which can elongate the effective light path.

Therefore, surface morphology is an important character-

istic for surface textured AZO films to realize light scat-

tering. Compared with smooth AZO films, surface textured

AZO films could improve the short circuit current and the

conversion efficiency [8, 9]. Textured surface can be

realized by wet chemical etching after sputtering deposi-

tion of AZO films. In most researches, typical acid used for

the surface textured AZO process is hydrochloric acid

(HCl) solution at a concentration of 0.5 % [10–12]. How-

ever, it is difficult for HCl solution to control the etching

process and surface morphology of AZO films because of

the high etching rate of HCl solution. Therefore, to slow

down the etching rate, NH4Cl solution and weak acetic acid

solution were used as etchant, but the surface morphology

was not quite satisfactory yet [13, 14]. NaOH solution can

also be an alternative etchant to obtain surface textured

AZO films, which can control the etching process and the

surface morphology effectively [15]. But up to now, few

studies on the surface textured AZO films etched with

NaOH solution have been reported systematically.

The growth and etching process of sputtered AZO films

are influenced by deposition conditions such as substrate

temperature, working pressure and Ar flow rate. Up to now,

the studies on detailed and sufficient etching mechanism

and model are underway. Hence, to achieve appropriate

features for light scattering, it is necessary to study the
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influence of deposition conditions on the surface mor-

phology and the etching behavior. In this paper, we pre-

pared surface textured AZO thin films by direct current

pulse magnetron sputtering and post-etching in NaOH

solution. The influence of Ar flow rate on the structural,

optical, electrical properties, light trapping ability and

etching behavior was investigated in detail.

2 Experimental

AZO films with 700 nm in thickness were prepared on

glass substrates by direct current pulse magnetron sput-

tering at substrate temperature of 270 �C. A ceramic

ZnO:Al2O3 (98 wt%:2 wt%) target was used. Before the

AZO films were deposited, the glass substrates were

cleaned and loaded into the sputtering chamber. The base

pressure was operated at 3 9 10-3 Pa. Then Ar (99.999 %

in purity) was introduced into the chamber as sputtering

gas. Deposition was carried out after pre-sputtering for

5 min in order to clean the target surface. During the

process of deposition, Ar flow rate was varied from 10 to

50 sccm, with 10 sccm in step. The other deposition con-

ditions were kept constant. The working pressure and the

sputtering power were 0.8 Pa and 350 W, respectively.

After the sputtering deposition, all the AZO films were

immerged in 5 wt% NaOH solution etching for 30 min to

obtain the textured surface at room temperature.

The crystal structure of the AZO films was analyzed by

X-ray diffraction (XRD) using a PANalytical X’pert dif-

fractometer with Cu radiation. The surface morphology of

the AZO films was observed by JEOL JSM-6360LV

scanning electron microscopy (SEM). Optical properties of

the AZO films were performed using a U-3310 ultraviolet-

visible spectrophotometer with an integrating sphere. The

electrical properties were measured at room temperature by

a Loresta EP MCP-T360 four-point probe.

3 Results and discussion

3.1 Structural properties

The XRD patterns of AZO films deposited with different Ar

flow rates are shown in Fig. 1. All the films show a strong

diffraction peak located at 2h of 34.2� and a weak peak at

72.2�, which correspond to the (002) and (004) peak,

respectively. It indicates that all the AZO thin films have a

polycrystalline hexagonal wurtzite structure with a c-axis

preferred orientation [16]. The results reveal that the dopant

Al does not change the hexagonal wurtzite structure in the

AZO film. And no characteristic peaks related to Al2O3

phase are found. Besides, the position of the (002) and (004)

peak do not shift significantly as increasing the Ar flow rate.

Fig. 1 XRD patterns of AZO films deposited under different Ar flow

rates

Fig. 2 Optical transmittance spectra of AZO films under different Ar

flow rates

Fig. 3 Optical band gap of AZO films under different Ar flow rates
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3.2 Optical and electrical properties

The dependence of optical properties on Ar flow rate is

investigated. Fig. 2 shows the transmittance spectra with

different Ar flow rates. As for photovoltaic applications, the

high optical transmittance in the visible region is essential

for AZO films. From Fig. 2, high transparency is observed

throughout the visible wavelength range with an average

transmittance of above 90 % for all AZO films. In the UV

region, all the films exhibit a sharp fundamental absorption

edge. With increasing the Ar flow rate, the absorption edge

shifts monotonically to the shorter wavelength, which is a

consequence of increased optical band gap.

Based on the measured transmittance spectra, we plot

the ðahmÞ2curves as a function of hm for AZO films
Fig. 4 Resistivity and FOM of AZO films as a function of Ar flow rate

Fig. 5 SEM micrographs of the etched AZO films deposited under different Ar flow rates: a 10 sccm, b 20 sccm, c 30 sccm, d 40 sccm,

e 50 sccm
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deposited with different Ar flow rates, as shown in Fig. 3.

As a direct band gap semiconductor, the optical band gap

(Eg) of the AZO films can be determined by the extrapo-

lation methods from ðahmÞ2 ¼ Aðhm� EgÞ, where a is the

absorption coefficient, hm is the photon energy, and A is a

constant for direct transition, respectively [17]. As we can

see from Fig. 3, Eg remarkably increases from 3.38 to

3.61 eV as Ar flow rate increases from 10 to 50 sccm,

which is due to Burstein–Moss effect. Compared with pure

ZnO films, Al doping will result in a widening of the band

gap. And the energy shift DEg is proportional to n3/2, where

n is the carrier concentration [18, 19]. So with increasing

the Ar flow rate, the blue shift is caused by the increasing

of carrier concentration.

Figure 4 shows the resistivity and the figure of merit

(FOM) of AZO films as a function of Ar flow rate. It can be

seen that the resistivity of the deposited AZO films shows a

decreasing from 0.148 X cm to 1.3 9 10-3 X cm. This is

attributed to the residual oxygen in the chamber. Higher

residual oxygen content under lower Ar flow rate in the

sputtering gas will increase the absorbed oxygen stacked at

the grain boundaries, which acts as the electron trap and

causes the decreasing of the carrier concentration. This

corresponds well with the optical measurements of AZO

films with various Ar flow rates mentioned above. On the

other hand, the absorbed oxygen could give rise to the band

bending and therefore result in the barrier at the grain

boundaries [20]. Under lower Ar flow rate, much more

absorbed oxygen raises the barrier and then reduces the

mobility. Thus, the resistivity is higher under lower Ar flow

rate. The FOM, which is the ratio of the average trans-

mittance in the visible wavelength range to the resistivity,

can be used to estimate the performance of the AZO films.

With increasing the Ar flow rate, the FOM of AZO films

increases. The highest FOM value is 7 9 104 X-1 cm-1

with Ar flow rate in 50 sccm, which is suitable for AZO

films as the transparent front contacts applied in silicon-

based thin film solar cells.

3.3 Textured surface morphology

The control of surface morphology is important for the

surface textured AZO films and influences the light trap-

ping ability greatly. SEM micrographs of etched AZO films

deposited with different Ar flow rates are shown in Fig. 5.

Obvious different surface features, ranging from honey-

comb-like to crater-like structures, reveal the effect of Ar

flow rate on etching behavior. For polycrystalline AZO

films, every grain boundary has a potential for etching,

which depends on the compactness of the grain boundary

[21]. The etching might start at less order and less compact

grain boundaries, which have higher potentials for etching,

and then develop the vertical and horizontal etching pro-

cess at the grain boundaries.

As mentioned above, more oxygen adsorbed at the gain

boundaries under lower Ar flow rate results in the changes

of optoelectronic properties for AZO films. Meanwhile,

more adsorbed oxygen could make less order grain

boundaries which are more easily attacked by the etchant.

Under lower Ar flow rate, more disorder grain boundaries

may cause a honeycomb-like structure. As we can see that

when the Ar flow rate reaches at 50 sccm, the surface of

AZO film is almost uniformly covered by the discernable

craters with diameters ranging from 0.5 to 1 lm, which is

an effective feature for light scattering.

3.4 Light trapping ability

Besides the surface morphology, the haze which is

defined as the ratio of diffuse to total transmittance

(H = Tdiff/Ttotal) is another important indicator of the

light trapping ability for surface textured AZO films. High

haze value implies a good light trapping ability. The haze

of the surface textured AZO films as a function of Ar

flow rate is studied and shown in Fig. 6. The haze value

at the 550 nm wavelength increases with increasing the

Ar flow rate monotonically. This means that the light

scattering is more obvious and the light trapping ability

becomes better. Maximum haze value at the wavelength

of 550 nm is achieved for surface textured AZO film

deposited under the Ar flow rate in 50 sccm. The rela-

tionship between spectral haze and Ar flow rate is well

coherent to the results of the observed surface morphol-

ogy by SEM measurements.

Fig. 6 Haze spectra of surface textured AZO films as a function of

Ar flow rate
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4 Conclusions

AZO films were prepared on glass substrates by direct

current pulse magnetron sputtering at 270 �C and 5 wt%

NaOH solution was used to obtain the textured surface at

room temperature. All the AZO thin films showed a hex-

agonal wurtzite structure with a c-axis preferred orienta-

tion. The increasing of Ar flow rate resulted in the reducing

of the resistivity, widening of the band gap and improving

of the figure of merit. Surface features changed from

honeycomb-like to crater-like structures with increasing

the Ar flow rate. And typical effective crater-like textured

structures were observed under Ar flow rate in 50 sccm.

Surface textured AZO thin films etched with NaOH solu-

tion have satisfactory optoelectronic properties and good

light trapping ability, which is suitable for applications as

transparent contacts in silicon-based thin film solar cells.
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