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Al doped ZnO thin films have been deposited by a RF magnetron sputtering technique 
from a ZnO (2 wt.% Al2O3) target onto glass substrates heated at temperature ranging from 
RT to 400oC. X-ray diffraction analysis shows that the deposits have a preferential growth 
along the c-axis of a hexagonal structure. The full with at half maximum decreases from 
0.45 to 0.43o in the studied temperature range. The root main square surface roughness 
increases with substrate temperature from 1.89 to 2.67 nm. All films are transparent up to 
80% in the visible wavelength range and the adsorption edge is red-shifted with substrate 
temperature from RT to 400oC. The sheet resistance increases from 92 ohm/sq to 419 ohm/sq 
when the deposition temperature increases from RT to 400oC. The increment of sheet 
resistance is caused by lowered carrier concentration resulting from an increase in surface 
roughness.
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I. Introduction

Transparent conducting oxides (TCOs) have been 

widely applied to optoelectronic devices such as solar 

cells, flat panel displays, and flexible displays [1-3]. 

Among the various TCOs, Al doped ZnO (AZO) is a 

promising candidate for such applications due to its 

low toxicity, high stability, high transparency in the 

visible wavelength range, and low electric resistance 

[4]. The deposition of AZO thin films has been inves-

tigated using a variety of techniques, such as radio 

RF magnetron sputtering, pulsed layer deposition, 

and atomic layer deposition [5-7]. Among these dep-

osition methods, RF magnetron sputtering is used 

most often it affords high deposition rates, process 

stability and reliability, and preparation of high- 

quality thin films on large-scale substrates [8]. 

Substrate temperature is one of the most important 

deposition parameters determining the film proper-

ties, and many studies have addressed its effects on 

the electrical and the optical properties of AZO films 

[9,10]. In this study, AZO thin films were deposited 

on glass substrates by RF magnetron sputtering with 

substrate temperature from 0 to 400oC. The crystal 

quality, surface morphology, optical transmittance 

properties, and electrical properties of the deposited 

films were investigated. 
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Figure 1. X-Ray diffraction spectra of AZO thin films de-
posited at different substrate temperatures.

Table 1. Deposition conditions of AZO thin films de-
posited at various substrate temperatures.

Target Al-doped ZnO (2wt%)

Substrate Glass (Corning #1737)

RF Power [W] 25

Ar flow rate [sccm] 60

Base pressure [Torr] 2.0×10-6

Working pressure [Torr] 7.0×10-3

Deposition Temperature [oC] RT, 200, 400

Film thickness [nm] 200

II. Experimental Procedure

AZO thin films were grown on a glass substrate 

using RF magnetron sputtering under various sub-

strate temperatures. A 3-inch ZnO target (99.999%) 

doped with 2-wt% Al was used, and a thin film 

(thickness: approximately 200 nm) was deposited. 

The glass substrate was subjected to ultrasonic 

cleaning with acetone, followed by cleaning with 

methanol and distilled water and it was then immedi-

ately loaded inside the chamber. The base pressure of 

the chamber was maintained at a pressure below 

2.0×10-6 Torr. Ar gas of 60 sccm was used as a re-

action gas for thin film deposition and the process 

pressure was maintained at 7 mTorr. The RF power 

was set at 25 W, and the experiment was conducted 

at substrate temperature of RT, 200, and 400oC. The 

detailed deposition conditions are shown in Table 1.

An X-ray diffraction (XRD, D/MAXIIIA) analysis 

was carried out to determine the crystal quality of 

the prepared thin film. Atomic force microscopy 

(AFM, PUCOTECH) was performed to measure the 

surface morphology. The optical transmittance was 

analyzed using a UV/Vis-NIR spectrophotometer 

(V-670). The Hall effect (HMS-3000) was measured 

to confirm the electrical properties. 

III. Results and Discussion

Fig. 1 shows XRD patterns of the AZO films grown on 

glass substrates, measured with conventional theta 2 

theta mode. All films displayed a strong (002) peak, 

indicating a polycrystalline hexagonal structure, and 

had a preferred orientation with the c-axis perpendic-

ular to the substrate. The (002) diffraction peaks for all 

AZO films were located at about 2λ=34.25o. Compared 

with the (002) peak position of bulk ZnO (34.42o), the 

diffraction angle of AZO thin films decreases, which 

results in an increase of interplanar spacing. This in-

dicates that all AZO films suffer compressive stress. 

The intensity of the (002) peak increased as the sub-

strate temperature was increased. The intensity of the 

(002) peak at 400oC is 2.2 times that of the (002) peak 

at RT. The full width at half maximum (FWHM) of the 

AZO films increased from 0.45 to 0.43 nm as the sub-

strate temperature was raised from RT to 400oC. This 

result can be attributed to an improvement in the crys-

tallinity of the AZO films as the substrate temperature 

is increased. It is clear that the AZO peaks become 

more intense as the substrate temperature increases 

due to enhanced texturing of the films.

The surface morphology of AZO thin films de-

posited at 400oC was revealed by AFM images, as 

shown in Fig. 2. The AFM images of the AZO thin 

film with a scanning area of 4×4 um2 revealed a uni-
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Figure 3. Variation of the transmittance and absorption
wavelength with the substrate temperature.

Figure 4. Electrical properties of AZO thin films pre-
pared at various substrate temperatures.

Figure 2. AFM image of AZO thin film deposited at 
400oC.

form distribution of grains. It can also be seen that 

the roughness of the AZO thin films linearly in-

creases from 1.89 nm to 2.67 nm as the substrate 

temperature was raised from RT to 400oC. However, 

an increment in the surface roughness for the sample 

was noticed, and this was ascribed to coalescence of 

grains. The AZO thin film with a surface roughness 

of 10 nm is sufficient to meet the requirements for 

optical device applications.

Fig. 3 presents the optical transmittance of AZO 

films deposited at various substrate temperatures in a 

wavelength range of 200-800 nm. It was seen that the 

average transmittance of the samples in the visible 

range (400-800 nm) was greater than 80%, which is 

adequate for transparent electrode applications. The 

transmittance decreased as the substrate temperature 

was increased. The decrement of transmittance origi-

nates from increasing light scattering due to incre-

ment of the surface roughness. Also, the absorption 

edge for the AZO film is observed at 388 nm, and a 

red shift of the absorption edge occurs with increasing 

substrate temperature. The absorption edge is related 

to the optical energy band gap. The red-shift of the 

absorption edge with substrate temperature is mainly 

attributed to the Burstein-Moss effect, since the ab-

sorption edge of a degenerate semiconductor is shifted 

to longer wavelengths with decreasing carrier con-

centration [11].

Fig. 4 shows the variations in sheet resistance and 

carrier concentration as functions of substrate tem-

perature for the AZO films. As substrate temperature 

increases from RT to 400oC, sheet resistance increases 

from 92 ohm/sq to 419 ohm/sq, whereas carrier con-

centration decreases from 4.4×1020 cm-3 to 1.8×1020 

cm-3. The increase in sheet resistance at higher sub-

strate temperature is due to the decrease in carrier 
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Figure 5. FOM of AZO thin films’ dependence on sub-
strate temperature.

concentration with increasing substrate temperature. 

Also, the decrease in carrier concentration may be as-

cribed to an increase in surface roughness. From AFM 

observation, we found that the surface roughness in-

creased with an increase of substrate temperature. 

The increment in surface roughness of the film in-

creases the effective surface area and then causes an 

increase in the number of adsorption sites for oxygen. 

Oxygen adsorbed on the surface traps electrons and 

decreases the carrier concentration [12]. We can thus 

conclude that the increment of the sheet resistance of 

AZO film with increasing substrate temperature can 

be attributed to a decrease in carriers caused by an 

increase in surface roughness. 

The figure of merit (FOM) is introduced in order to 

quantify the optoelectronic properties of the trans-

parent electrodes and is shown in Fig. 5. It is defined 

as [13]

 




where Ta is the average transmittance in the visible 

range and Rs is the sheet resistance of the film. The 

FOM was strongly dependent on the transmittance be-

cause the variation of the FOM shows the same trend 

as that of transmittance. It is possible to observe a 

decrease in the figure of merit with increasing sub-

strate temperature. The highest FOM was 3.3×10-3 

ohm-1 square for the film deposited at a substrate 

temperature of RT. 

IV. Conclusion

AZO thin films have been deposited by RF magnetron 

sputtering at substrate temperatures ranging between 

RT and 400oC. The films are oriented along the c-axis 

of the hexagonal structure regardless of the substrate 

temperature. The FWHM was found to decrease from 

0.45 to 0.43o as the substrate temperature increases. 

AZO thin films are transparent up to 80% in the visible 

range. Sheet resistance increases with substrate 

temperature. The increment of sheet resistance was 

ascribed to a decrement of carrier concentration. Finally, 

we can state that substrate temperature is a dominant 

factor to determine the structural, electrical, and optical 

properties of AZO films.
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