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Abstract Al-doped ZnO (Al/ZnO) thin film is a promis-

ing alternative to an ITO electrode in solar cell applications

due to its low price, non-toxicity and other promising

properties. In this paper, Al/ZnO thin films at different

substrate temperatures were deposited on glass substrates

as transparent conducting (TCO) films by DC magnetron

sputtering. The effect of substrate temperature on the

structural, morphological and optical properties of Al/ZnO

films was investigated. X-ray diffraction (XRD) analysis

suggests that crystal structure characteristics of synthesized

thin films depend on the substrate temperature. The struc-

ture growth and variation in surface roughness with

increasing substrate temperature are revealed by scanning

electron microscope (SEM) micrographs and atomic force

microscopy (AFM) analyses. Thicknesses of the deposited

films were also examined by surface profiler. Moreover,

obtained results from optical transmission patterns revealed

that with the increasing substrate temperature, optical

transmittance decreases.

Keywords Sputtering � Thin film � Transparent

conducting oxide � SEM � AFM

Introduction

Transparent conductive oxides (TCO) are widely used in

various applications in many optoelectronic devices, such

as solar cells, LCDs, optical waveguide, surface acoustic

wave (SAW) devices, blue or ultra-violet (UV) LEDs, laser

diodes (LD), light emitting diodes, gas sensor and different

other devices [1–5].

The application of TCO in crystalline silicon solar cells

passivates the surface and reduces the probability of

emitter shunting through holes [1]. Nowadays, the most

applicable material for the transparent electrodes fabrica-

tion is tin-doped indium oxide (ITO).

But the high cost of indium necessitates the research in

the field of creation and characterization of the materials

for the ITO substitution. The zinc oxide with a wide band

gap (3.37 eV) n-type semiconductor and high exciton

binding energy (60 meV) at room temperature is actively

studied as a material that could replace ITO, because ZnO

is a widespread, inexpensive and non-toxic material.

Impurity doping of ZnO with the elements of the third

group of the periodic table (boron, aluminium, gallium and

indium) produces n-type conductivity due to Zn?2 ion

substitution [6–10]. The most perspective materials for

ZnO doping are Al (Al/ZnO) [9] and Ga (Ga/ZnO) [10]

because of the high solubility and behaviour during the

growth, which allows obtaining the films of low resistivity

(*10-4 Ohm 9 cm) and high transparency in the visible

region of the spectrum [11–14]. Meanwhile, Al/ZnO would

be more preferable for industrial use due to the relatively

low cost of the initial components. A principal interest in
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the study of these materials is caused by the dependence of

their physical properties (band gap, concentration and

mobility of charge carriers, transmittance, etc.) on the

fabrication conditions [15–18]. In terms of the literature

data, there are no definitive recommendations for the high-

quality Al/ZnO and Ga/ZnO films synthesis.

Therefore, the research in this field (the influence of the

growth parameters, and subsequent heat treatment on the

properties and the stability of the films) is intensively con-

ducted [19–22]. Al/ZnO is easy to fabricate with various

deposition methods, e.g. thermal evaporation [17], chemical

vapour deposition (CVD) [18], plasma-enhanced chemical

vapour deposition (PECVD) [19], sol–gel [20], spray pyro-

lysis [21], and magnetron sputtering [22, 23]. Among sput-

tering methods, continuous direct current (dc) magnetron

sputtering is the simplest and has many advantages such as a

higher deposition rate and an easier operation than radio

frequency magnetron sputtering. RF sputtering gave better

resistivity and transparency than dc in most of cases. This

paper reports the study of the Al/ZnO thin films’ properties,

which depends on the film thickness, which can be varied by

changing a substrate temperature. The effect of substrate

temperature is investigated on the structural, morphological

and the optical properties of the Al/ZnO-deposited thin films.

Experimental setup

Al/ZnO thin films were deposited on glass substrates using

direct current (dc) magnetron sputtering system. Figure 1

shows a schematic of the DC magnetron sputtering setup,

which was used in these experiments.

The base pressure in the chamber was 5 9 10-5 mbar

by a turbo pump (Hind High Vacuum, H.H.V, 1200MSPT),

and the working pressure was 1.6 9 10-2 mbar. The

working gas was 99.9 % Ar purified and a circular flat disc

(thickness 3 mm, and diameter 290 mm) made of 2 wt %

alumina in stoichiometric ZnO was employed as the sput-

tering target. A continuous dc power supply was used,

whereas current and voltage were fixed at 13 mA and

10 V, respectively. Also the distance between a target and

a substrate was 3 cm for all the samples.

Before the deposition, the plasma discharge was run.

Deposition conditions and discharge current were optimized

to obtain continuous and uniform thin films with the different

thicknesses. All samples were deposited using similar

experimental conditions. Glass substrates were ultrasonically

cleaned, first using alcohol for a period of 5 min, then acetone

for 10 min. The crystalline structures of the films were

determined using a Philips diffractometer (Xpert pw3373),

(Cu Ka radiation) with a step size of 0.02o and count time of

1.0 s per step. Morphological properties of deposited samples

were investigated by scanning electron microscopy (SEM,

Hitachi S-4160) and atomic force microscopy (AFM, Auto

Probe Pc; in contact mode, with low stress silicon nitride tip

of less than 200 Ao radius and tip opening of 18o) analysis.

Moreover, optical properties of thin films were determined

using UV/VIS spectrophotometer (Varian, 500 scan vary) in

the spectral range of 200 to 800 nm.

Results and discussion

The XRD patterns of Al/ZnO thin films deposited at dif-

ferent substrate temperatures (150 to 350 �C) using Al/

ZnO target are shown in Fig. 2. The material was scanned

in the range of 10o–80o.

Fig. 1 Schematic of DC magnetron sputtering system

Fig. 2 The XRD patterns of the deposited thin films at different

substrate temperatures
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These patterns evidence emergence of ZnO crystalline

phase on glass substrates for all samples deposited at var-

ious substrate temperatures. The diffraction peaks of ZnO

(1 0 0), ZnO (0 0 2), ZnO (1 0 1) and ZnO (1 1 0) crys-

talline planes are observed. The respective locations of all

ZnO diffraction peaks are in suitable agreement with the

Joint Committee for Powder Diffraction Standards

(JCPDS) standard data.

From XRD analysis, we observe that even if the

respective locations of all diffraction peaks are same for all

deposited samples but the peak intensities vary with

increasing the substrate temperature. Therefore, the degree

of crystallinity of deposited thin films strongly depends on

substrate temperature.

Figure 3 shows the SEM micrographs of Al/ZnO thin

films deposited using different substrate temperatures. The

SEM micrographs of the prepared samples with different

substrate temperatures exhibit the crystalline growth

structures by increasing the substrate temperatures.

Higher magnification images suggest that they are the

conglomerates of many smaller sized grains in the samples.

The conglomeration of smaller size grains can be activated

by greater energy due to the increasing substrate temper-

ature which causes more mobility of nanoparticles and

hence resulting in the larger sized structures. The surface

morphology of the deposited thin films in Fig. 3 shows

more heterogeneous distribution of grains with the increase

in the substrate temperature that may be due to the more

grains growth.

Results obtained from SEM analysis show that the

energy of the ions plays an important role on the film

surface morphologies. The cross-sectional SEM images of

Fig. 3 Top and cross-sectional

views of Al/ZnO thin films

prepared at a 150 �C b 250 �C

and c 350 �C substrate

temperatures
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the samples prepared at different substrate temperatures are

given in Fig. 3. As it can be seen from Fig. 3, when the

substrate temperature increases from 250o to 350o thick-

ness of the deposited thin films also increases.

The thicknesses of deposited samples are tested with

surface profiler with the accuracy of 10 nm (Dektak 3030,

Veeco instruments Inc.). The average thickness of the

obtained samples is presented in Table 1. Results shown in

Table 1 indicate that thickness of the deposited films with

various substrate temperatures is in good agreement with

the obtained results from the cross-sectional SEM images.

The surface morphologies of the samples, which were

deposited at various substrate temperatures, were examined

by AFM. The 2D and 3D surface topographies of the

deposited thin films are shown in Fig. 4. All the images

have been obtained with a scanning area of 5lm� 5lm.

The 2D and 3D surface topographies of the thin films

prepared show that distributions of the grains on the sample

surfaces are observed to be more heterogeneous with

increasing the substrate temperature. AFM images showed

that by increasing the substrate temperature the size of the

grains/clusters on the surface of thin films increases (see

Fig. 4a–c).

This result is perfectly consistent with the previous

conclusion that the crystalline growth of Al/ZnO structures

increases by increasing the substrate temperature, which

was observed from our SEM results.

Surface roughness is one of the important properties of

the Al/ZnO thin films for many optoelectronics applica-

tions, because the level of surface roughness will dominate

the carrier mobility and light scattering and the smooth

structure can reduce the scattering of incident light, which

makes the contribution to increase the transmittance [24].

In this work, to analyse and compare the surface rough-

nesses of the prepared thin films, the roughness of four

random areas over the surface of the deposited thin film

was measured, and the average and root mean square (rms)

values of the measurements were recorded. The recorded

rms and average values of the roughness measurements are

given in Table 2.

As it can be seen from the Table 2, by increasing the

substrate temperature, more roughness is observed on the

surface of the deposited Al/ZnO thin films.

This is predictable because, as it was already mentioned,

with increasing the substrate temperature, the size of the

grains becomes larger on the surface of the films, which

will lead to increasing the roughness of the deposited thin

films.

Figure 5 shows the optical transmission spectra of Al/

ZnO thin films at different substrate temperatures in the

wavelength range from 300 to 900 nm. All films have an

average transmittance over 90 % in the visible region. The

absorption edge of Al/ZnO thin films corresponds to

electron transitions from valance band to conduction band.

Table 1 The average thickness of deposited samples at different

substrate temperatures

Substrate temperatures (oC) Average thickness (nm)

150 380

250 840

350 1240

Fig. 4 2D and 3D AFM images

of AZO films deposited at

(a) 150 �C (b) 250 �C and

(c) 350 �C substrate

temperatures
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From Fig. 5, the band gap energies of the Al/ZnO films

can be determined by the following Eq. [25]:

Ahm ¼ hm� Eg

� �1=2 ð1Þ

where Eg is the optical band gap and hm is the photon energy.

The absorption coefficient a was obtained from the transmit-

tance data using the relation a = (1/d) ln(1/T), where d and

T are the thickness and the transmittance of the films, respec-

tively. The values of band gap energies for deposited samples

with different substrate temperatures are given in Table 3.

As it can be seen from the Table 3, the optical band gap

energy increases from 3.33 to 3.38 eV with increasing the

substrate temperature, which can be due to the increase in thin

films thicknesses with increasing the substrate temperature.

Conclusion

A systematic study has been performed to investigate the

effect of substrate temperatures in the DC magnetron

sputtering treatment on the growth behaviour of Al/ZnO thin

films on the glass substrate. Al/ZnO thin films were depos-

ited at different substrate temperatures by keeping other

experimental parameters such as working pressure, target to

substrate distance and deposition times. Deposited samples

were studied and compared for various characteristics using

different techniques like XRD, SEM and AFM analyses.

The XRD results suggested that the degree of crystallinity of

the deposited thin films strongly changes with increasing the

substrate temperature. SEM images of the deposited samples

at various substrate temperatures revealed the presence of

nano/sub-micro structures and their agglomeration by

increasing the substrate temperature. It is found that the

average thickness of the deposited thin films also increases

by increasing the substrate temperatures. Obtained results

from AFM analysis show that increase in the substrate

temperature leads to increasing the size of the grains on the

surface of thin films. Also AFM results reveal that more

roughness can be observed on the surface of the deposited

thin films for higher substrate temperatures. On the other

hand, spectrophotometry results show that the band gap

energy also increases by increasing the substrate tempera-

ture. The highest transparency was obtained for the sample

with higher deposition time, which was 95 %.
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