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ABSTRACT

Aluminum doped ZnO thin films (AZO), which simultaneously transmit light

and conduct electrical current, are widely applied in photovoltaic devices. To

achieve high performance AZO thin films, the effects of RF magnetron sput-

tering conditions on the optical and electrical properties of the films have been

explored. The optimized AZO thin films exhibit strong (002) orientated growth

with hexagonal wurtzite structure. The minimum resistivity of 0.9 9 10-3 X cm,

the highest carrier concentration of 2.8 9 1020 cm-3, the best Hall mobility of 22.8

cm2 (V s)-1 and average transmittance above 85% can be achieved at the opti-

mum deposition condition of 0.2 Pa, 120 W and 200 �C. Considering the single

parabolic band model, the bandgap shift by carrier concentration of the films

can be attributed to the Burstein-Moss effect. The results indicate that RF

magnetron sputtered AZO thin films are promising for solar cell applications

relying on front contact layers.

1 Introduction

Aluminum doped ZnO (AZO) thin films, owing to

low cost, wide bandgap and chemical stability, have

been widely used as the front contact layers in state-

of-the-art Cu(In,Ga)Se2 (CIGS) and Cu2ZnSnS4

(CZTS) solar cells [1, 2]. For improving the device

performance, AZO thin films demand high conduc-

tivity and optical transparency in visible and near

infrared region. Through reducing the aluminum

concentration, the optical properties of ZnO films can

be largely enhanced. However, the lower aluminum

concentration leads to lower carrier concentration,
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which results in poorer conductivity [3]. In addition,

the solar cell surface inside the contact openings

might be damaged during the deposition of the AZO

thin films [4]. Therefore, fabrication of high quality

AZO thin films is critical to obtain high efficiency

solar cells, and a soft, less damage fabrication method

is essential to protect the thin N-layer of PN junction.

Over the past few years, many fabrication methods

have been adopted to deposit the AZO thin films,

including atomic layer deposition [5], chemical spray

pyrolysis [6], sputtering [7] and sol-gel spin coating

[8]. Among these, magnetron sputtering, which

enables better control on high thickness uniformity

over the large area [9], has become the most common

technique to prepare AZO thin films for solar cell

applications. To obtain high performance AZO thin

films, substrate heating and annealing are efficient

strategies. With increasing the deposition tempera-

ture, the crystallinity and the electrical resistivity of

AZO thin films are improved [10, 11]. And high

quality AZO thin films can be obtained by annealing

under nitrogen atmosphere [12, 13]. However, the

higher deposition and annealing temperature may

result in the distortion of the underneath layers and

facilitate the interlayer diffusion [14–16]. In order to

fabricate solar cells, AZO thin films should be

deposited at suitable temperature.

For light trapping purposes, the front AZO layer

requires a rough surface texture and the transparent

should be exceed 80% [17, 18]. The front contact thin

films with rough surface texture can produce ade-

quate light scattering effect, improving the light

trapping capacity of photovoltaic devices. According

to the reported literatures, the textured AZO layer

can be obtained by diluted hydrochloric acid post-

etching technique [19–21]. This method significantly

enhanced the optical properties of AZO thin films,

but the electrical properties deteriorated. This is

because the acid reagents may damage the AZO

layers, resulting in the decrease of the conductivity.

Although the increased film thickness can improve

the conductivity, the optical transparency is not ideal

[22, 23]. Therefore, it is crucial to explore the RF

magnetron sputtering technique without post-etching

procedure for fabricating textured AZO thin films

with excellent optical and electrical properties.

In this work, the AZO thin films with rough surface

texture are fabricated by RF magnetron sputtering

technique without annealing and post-etching pro-

cess. By optimizing the deposition conditions, AZO

thin films exhibit good crystallinity and preferable

optical and electrical properties. We note that the

working pressure, deposition power and substrate

temperature play major roles in these performance

issues. And we also confirm that the sputtering AZO

thin films are highly texture with c-axis perpendicu-

lar to the substrate face with (002) preferential

growth. We then discuss the effects of the deposition

parameters on the resistivity and optical transmit-

tance of AZO thin films. Our work highlights the RF

magnetron sputtering technique in developing high

performance AZO front contact layers for solar cell

applications.

2 Experimental

2.1 Fabrication of AZO thin films

AZO thin films were fabricated on soda-lime glass

substrates by RF magnetron sputtering. The glass

substrates were respectively cleaned by acetone,

ethanol and distilled water. Then, they were dried by

nitrogen gas before putting into the vacuum cham-

ber. The vacuum chamber was pumped down to

below 5 9 10-4 Pa via a turbo molecular pump. The

mass ratio of Al2O3 and ZnO was 2:98, and the

diameter of ceramic planar target was 50 mm. The

distance between target and substrate was set as 65

mm, and the deposition time was kept as 45 min.

Argon gas with high purity of 99.999% was used as

sputtering gas with the pressure of 0.2–1.0 Pa. The

flux of argon gas was controlled with mass flow

controller and set as 30 sccm.

2.2 Characterization of AZO thin films

The thickness of AZO thin films was measured by

Dektak XT Stylus Surface Profiling System (Veeco,

Dektak 6M). The crystalline structures of thin films

were characterized by X-ray diffraction using Cu Ka
radiation (D/MAX-2550, Rigaku Co.). The surface

morphologies were recorded by a field emission

scanning electron microscopy (FESEM: Philips

XL30FEG). The electrical resistivity, Hall mobility

and carrier concentration were deduced from Hall

measurements using a Van der Pauw configuration.

And the optical transmission spectra of the thin films

were recorded by UV-Visible-NIR Cary 5000 Varian

double beam spectrophotometers. For transmittance
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measurements, the beam was passed through the

glass substrate into thin film, and a blank glass slide

was kept in the path of the reference beam for com-

pensation. Note that all the measurements were

performed at room temperature.

3 Results and discussion

3.1 Morphology and crystal structure
of AZO thin films

X-ray diffraction (XRD) analyses were performed on

all the AZO thin films using glass substrates at vari-

ous deposition conditions, as shown in Fig. 1a–c.

Here, we set a baseline recipe as: working pressure

was 0.2 Pa, RF power was 100 W, and substrate

temperature was ambient temperature. It can be seen

from Fig. 1a–c that the diffraction peaks of AZO thin

films match well with the standard XRD pattern of

ZnO (PDF#36-1451), demonstrating that the hexago-

nal wurtzite crystal structures were formed. It is well

know that the sputtering ZnO thin films are highly

texture with a preferential growth perpendicular to

the substrate [24–26]. Our experiments represent the

similar results, especially for the films fabricated in

low working pressure (\ 0.6 Pa), moderate RF sput-

tering power (50–100 W) and suitable substrate tem-

perature (100–200 �C), which have a strong

diffraction peak of (002) at 2h value of 34.4�.
Figure 1a reveals that the crystallization of AZO

thin films becomes worse when the working pressure

increases from 0.2 to 1.0 Pa. The diffraction peaks at

2h value of 36.2� suggest that some grains are crys-

talline with orientation along (101) plane. It can be

ascribed that the higher working pressure may raise

the deposition rate and cause the alteration of the

mean free path of the sputtered particles [21],

resulting in poor crystallization. XRD patterns of

AZO thin films deposited at various RF sputtering

power are shown in Fig. 1b. The intensity and full

width at half maximum of the diffraction peaks

indicate that the crystallite size changes with the

sputtering power, and the similar experimental phe-

nomenon was also observed in the literature [13].

We can also find that, for AZO thin films deposited

at the substrate temperature ranging from ambient

temperature to 200 �C, the intensity and sharpness of

the (002) peak increased, and the other peaks disap-

peared (see Fig. 1c). That’s to say, higher substrate

temperature is conducive to improve the crystalliza-

tion of the thin films. According to the literature, with

the increase of the deposition temperature, the

mobility of the growing species on substrate is

greatly enhanced [7, 27, 28]. Therefore, the nucleation

of the growing species is improved, further promot-

ing the crystallinity and reducing the defects of AZO

thin films. As verified with grain size, calculated by

the Scherrer formula based on the (002) peak [6, 8], it

increases from 32.0 to 34.1 nm with the substrate

temperature varying from 100 to 200 �C.
The surface morphology of AZO thin films plays a

critical role in the photovoltaic device performance.

The SEM micrograph of the film, which is deposited

at 0.2 Pa, 120 W and 200 �C, is presented in Fig. 1d. It

can be clearly observed that the film has a compact

and homogeneous self-textured surface. For the

purpose of absorbing wider wavelength region, the

rough transparent conducting oxide (TCO) thin films

are used to enhance light scattering effects. Com-

pared to the reference TCO thin films, there has a

reduction in parasitic absorption for the textured

films because it has better transparency and main-

tains excellent light trapping qualities [29, 30]. In our

experiments, the electrical and optical properties of

AZO thin films are also analyzed in the following.

3.2 Electrical properties of AZO thin films

Electrical properties of AZO thin films deposited at

different conditions are shown in Fig. 2 and Table 1.

We firstly carried out the measurements of the

deposition rate of the films under various deposition

conditions. From Fig. 2a, it can be found that the

substrate temperature and working pressure have a

slight effect on the deposition rate, where we set the

ambient temperature as 50 �C. Unlike the above two

parameters, RF sputtering power can strongly affect

the deposition rate of AZO thin films. As described in

the literature, the faster deposition rate can be

achieved by increasing RF sputtering power, further

improving crystalline size [9]. This phenomenon is in

good agreement with the XRD results (see Fig. 1b).

The effects of the deposition conditions on carrier

concentration (N), Hall mobility (l) and resistivity (q)
of AZO thin films are demonstrated in Fig. 2b–d.

From Fig. 2b, we find that there has a V-shape curve

of electrical properties for AZO thin films deposited

at the working pressure ranging from 0.2 to 1.0 Pa.

When the working pressure increases to 0.6 Pa, the
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deposited thin films have the highest resistivity of

*1.9 9 10-2 X cm, the lowest carrier concentration

(0.8 9 1020 cm-3) and Hall mobility (4.2 cm2 (V s)-1).

The electrical properties are closely associated with

the film crystallinity, which is evident from the XRD

results of AZO thin films under the working pressure

(see Fig. 1a). At lower working pressure, the film

crystallinity is much better than that deposited under

higher working pressure, which indicates better

electrical properties.

Unlike the deposition parameter of working pres-

sure, the resistivity decreases as the increasing of RF

sputtering power and substrate temperature, but the

Hall mobility and carrier concentration increase. As

shown in Fig. 2c, when PF sputtering power increases

from 30 W to 80 W, the resistivity decreases quickly,

which may be mainly caused by increment of film

thickness [23]. Then, there has a slight decrease as PF

sputtering power keeps rising. From Fig. 2d, the

resistivity of AZO thin films decreases gradually

from 3 9 10-3 to 0.9 9 10-3 X cm with the substrate

temperature varying from 50 to 200 �C, while the

films have higher carrier concentrations and Hall

mobilities at higher substrate temperature. According

to the reported literature, the reduction in resistivity

at higher deposition temperature is related to the

improved film crystallinity and the growth of grain

size, which will result in reducing the scattering of

carrier transport [31–33]. Overall, the minimum

resistivity of 0.9 9 10-3 X cm, the highest carrier

concentration of 2.8 9 1020 cm-3 and the best Hall

mobility of 22.8 cm2 (V s)-1 can be obtained for AZO

thin films deposited at the optimum deposition con-

dition of 0.2 Pa, 120 W and 200 �C.

Fig. 1 Morphology and crystal structure of AZO thin films.

a XRD patterns of the films deposited at various working pressure.

b XRD patterns of the films with variation of RF sputtering power.

c. Variation of XRD patterns of the films with the substrate

temperature (ST). d Surface morphology of the film deposited at

optimum deposition conditions
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3.3 Optical properties of AZO thin films

To achieve the optical properties of AZO thin films,

we carried out the transmittance measurements. The

optical properties of thin films varying with deposi-

tion parameters are summarized in Table 2 and Fig. 3,

which are discussed in detail in the following sec-

tions. Fig. 3a shows the transmittance spectra of the

films deposited at various RF sputtering power. In

the wavelength range of 400–1100 nm, the films are

highly transparent, and the average transmittance is

up to 85%. It can also be found that the spectrums of

as-deposited films exhibit different interference frin-

ges pattern, which is related to the film thickness [34].

The film thickness has a strong influence on the

optical bandgap. The absorption coefficient (a) can be

calculated using the optical transmittance (T) of AZO

thin films, which is described by the relation of

T=exp(-ad) [7], where d is the film thickness. Then, the

optical bandgaps (Eg) of AZO thin films are deter-

mined using the relation of (aht)2=ht-Eg by extrap-

olating (aht)2 plot linearly with the incident photon

energy (ht) for direct transition [9].

Based on the above calculation method, the optical

bandgaps of AZO thin films deposited at different RF

sputtering power can be obtained, as shown in

Fig. 3b. The bandgap of the films increases from 3.28

to 3.39 eV with the increase of RF sputtering power.

The widening bandgap may be caused by the

increased carrier concentration (see Fig. 3c) in accor-

dance to Burstein-Moss effect [35]. From Fig. 3d, it

can be seen that the transmittance of the films

deposited at different substrate temperature is also

around 85% in the visible region. Compared with the

films deposited at various RF sputtering power, the

spectrums of as-deposited films exhibit the same

Fig. 2 Electrical properties of AZO thin films. a The deposition

rate of AZO thin films varying with working pressure, substrate

temperature and RF sputtering power. Inset: the substrate

temperature monitor t-T curve. b Carrier concentration (N), Hall

mobility (l) and resistivity (q) of the films deposited under

different working pressure. c Carrier concentration, resistivity and

Hall mobility as a function of RF sputtering power for the films.

d The dependence of the resistivity, Hall mobility and carrier

concentration of the films on substrate temperature
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interference fringes pattern. But for NIR spectra,

there has an obvious drop in the transmittance, and

this may be ascribed to the strengthening of light

scattering and absorption [36]. The bandgaps of the

films, shown in Fig. 3e, are 3.39 eV, 3.41 eV, 3.43 eV

and 3.52 eV with substrate temperature of AT, 100 �C,
150 �C and 200 �C, respectively. We assumed that not

only the increase of carrier concentration (see Fig. 3f),

but also internal stress and phase purity [16, 37], can

affect the optical bandgap of AZO thin films.

Dependence of carrier concentration and optical

bandgap of AZO thin films on RF sputtering power

and substrate temperature indicates that absorption

edges of the films are strongly dependent on carrier

concentration. According to Burstein-Moss effect, in

the doped n-type semiconductor, the optical bandgap

Eg has contribution from free charge carriers E0 and

the donor atoms DEMB. Therefore, considering the

single parabolic band model, the energy shift by

carrier concentration of AZO thin films can be

expressed as [38–40]:

DEMB ¼ h2

8m�
3N

p

� �2=3

where, m* is the electron effective mass in the con-

duction band, h is the Planck constant (6.626 9 10-34

m2 kg s-1), and N is the carrier concentration. To

further investigate the relationship of N and DEMB,

Table 1 Electrical properties of AZO thin films varying with deposition parameters

Deposition parameters Electrical properties

Power

(W)

Pressure

(Pa)

Substrate temperature

(�C)
Resistivity (910-4 X
cm)

Hall mobility (cm2 (V

s)-1)

Carrier concentration (91020

cm-3)

100 0.2 RT 48.26 8.69 1.51

100 0.4 RT 80.51 8.41 0.93

100 0.6 RT 190.99 4.19 0.79

100 0.8 RT 74.20 5.82 1.47

100 1.0 RT 63.90 5.99 1.64

30 0.2 RT 366.49 2.81 0.62

50 0.2 RT 127.64 4.84 1.02

80 0.2 RT 57.44 8.55 1.27

100 0.2 RT 48.26 8.69 1.51

120 0.2 RT 31.50 12.15 1.73

100 0.2 RT 48.26 8.69 1.51

100 0.2 50 30.95 12.23 1.73

100 0.2 100 28.64 12.68 1.80

100 0.2 150 18.33 16.50 2.01

100 0.2 200 9.64 22.76 2.84

Table 2 Optical properties of AZO thin films varying with deposition parameters

Deposition parameters Optical properties

Power (W) Pressure (Pa) Substrate temperature (�C) Transmittance (400–1100 nm, %) Bandgap (eV)

30 0.2 RT 92.54 3.28

50 0.2 RT 90.71 3.32

80 0.2 RT 89.08 3.36

100 0.2 RT 88.90 3.38

120 0.2 RT 83.92 3.39

120 0.2 100 85.32 3.41

120 0.2 150 88.10 3.43

120 0.2 200 85.76 3.52
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the N-DEMB curve is plotted in Fig. 4. Note that the

solid curve in Fig. 4 is calculated using the above

equation. It can be seen that the DEMB exhibits a good

linear relation with the carrier concentration, which

indicates that the Burstein-Moss theory of band fill-

ing can fully interpret the bandgap shift of AZO thin

films. Similar results are also reported by Zhu et al.

and they demonstrate that the increase of optical

bandgap for AZO thin films can be mainly attributed

to the Burstein-Moss effect, although other effects

also appear [15].

4 Conclusion

In summary, AZO thin films are successfully depos-

ited on glass substrate using RF magnetron sputtering

method. The effects of working pressure, RF sputter-

ing power and substrate temperature on optical and

electrical properties have been investigated systemi-

cally. Through structural characterization, it can be

found that thefilms arepolycrystalline structurewith a

hexagonal wurtzite structure. The (002) orientated

growth films can be easily fabricated with substrate

temperature higher than 100 �C. The deposition rate of

the films is strongly depended on RF sputtering power

and working pressure. Substrate temperature slightly

affects the deposition rate, but plays an important role

in the film crystallinity. In addition, more powerful

sputtering energy and elevated substrate temperature

are conducive to obtain better mobility and higher

carrier concentration, further leading to lower resis-

tivity. Considering the single parabolic band model,

the bandgap shift by carrier concentration of the films

can be attributed to the Burstein-Moss effect. In gen-

eral, the minimum resistivity of 0.9 9 10-3 X cm, the

highest carrier concentration of 2.8 9 1020 cm-3, the

Fig. 3 Optical properties of AZO thin films. a–c Transmission, bandgaps and N-Eg curves of the films deposited at various RF sputtering

power. b–d The effects of substrate temperature on transmission, bandgaps and N-Eg curves of the films

Fig. 4 Bandgap energy shift as a function of carrier concentration

in AZO thin films. The solid curve shows the fitting result using

the Burstein-Moss theory. The black squares and red circles show

the experimental data
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best Hall mobility of 22.8 cm2 (V s)-1 and the average

transmittance of 85% can be achieved at the optimum

deposition condition of 0.2 Pa, 120 W and 200 �C. The
above results indicate that RF magnetron sputtered

AZO thin films with rough surface texture can be

considered as potential front contact layers for solar

cell applications.
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