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The transparent semiconductors of Ti and Ga-incorporated ZnO (TGZO) thin films were prepared by radio frequency 

(RF) magnetron sputtering onto glass substrates. The effects of discharge power on the physical properties of thin films 

are studied. Experimental results show that all nanocrystalline TGZO thin films possess preferential orientation along 

the (002) plane. The discharge power significantly affects the crystal structure and optical properties of thin films. 

When the discharge power is 200 W, the TGZO thin film has the optimal crystalline quality and optical properties, with 

the narrowest full width at half-maximum (FWHM) of 1.76×10-3 rad, the largest average grain size of 82.4 nm and the 

highest average transmittance of 84.3% in the visible range. The optical gaps of thin films are estimated by the Tauc’s 

relation and observed to increase firstly and then decrease with the increase of the discharge power. In addition, the op-

tical parameters, including refractive index, extinction coefficient, dielectric function and dissipation factor of the thin 

films, are determined by optical characterization methods. The dispersion behavior of the refractive index is also ana-

lyzed using the Sellmeier’s dispersion model. 
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Ga-doped ZnO (GZO) is a promising transparent semi-

conductor film material for applications as transparent 

electrodes in photovoltaic cells (PVCs)[1], random access 

memory (RAM)[2], superficial acoustic waves[3], touch 

screens[4] and gas sensitive devices. Besides high con-

ductivity and optical transmittance in the visible region, 

the GZO thin films have a lot of advantages, such as 

non-toxicity, low cost, high abundance and high stability 

under hydrogen plasma, compared with Sn-doped In3O2 

(ITO) thin films. For the preparation of GZO thin films, 

there are many deposition techniques currently in use, for 

example, direct-current (DC) magnetron sputtering, radio 

frequency (RF) magnetron sputtering[5-7], hydrothermal 

process[8], molecular beam epitaxy, reactive plasma 

deposition and pulsed laser ablation (PLA). Among all 

these methods, conventional RF magnetron sputtering is 

promising in preparing transparent semiconductor GZO 

thin films, due to the low cost of the source materials, the 

high growth rates and the simplicity of the growth proc-

ess required. 

In the present study, the transparent semiconductor 

thin films of Ti-doped GZO (TGZO) were deposited on 

glass substrates by RF magnetron sputtering technique at 

different discharge powers. The structural, optical and 

dielectric properties of the deposited films are studied in 

detail. 

Commercial plane glasses (CSG Holding Co., Ltd.) 

were cut into 30 mm×30 mm plates and used as sub-

strates in this experiment. Prior to their use, the glass 

substrates were successively washed in an ultrasonic bath 

with acetone, alcohol and deionized (DI) water, each for 

12 min, and then dried in a high-purity nitrogen gas jet. 

The TGZO transparent semiconductor films were depos-

ited on the previously cleaned glass substrates by RF 

magnetron sputtering system (KDJ-567) using a sintered 

ceramic target with a diameter of 50 mm. The following 

compositions were chosen: 97% (weight percentage, the 

same below) ZnO, 1.5% Ga2O3, 1.5% TiO2. Raw materi-

als were ZnO, Ga2O3 and TiO2 powders (99.99% in pu-

rity). Before deposition, the chamber was evacuated to 
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an ultimate background pressure of 5.2×10-4 Pa using a 

turbo molecular pump. Then high-purity (99.99% in pu-

rity) argon gas was introduced into the chamber at a 

fixed flow rate of 20 mL/min, and the argon pressure was 

maintained at 0.5 Pa. Then 10 min pre-sputtering with 

the glass substrate covered by a closely mounted shutter 

was employed to clean contamination on the target sur-

face, followed by true sputtering. During deposition, the 

substrate temperature was fixed at 600 K, and the 

distance between the target and the substrate was kept at 

70 mm. In order to investigate the effects of discharge 

power on the properties of TGZO thin films, the 

discharge power was changed from 170 W to 260 W. 

The X-ray diffraction (XRD) patterns of the deposited 

films were recorded with a Bruker advanced D8 diffractome-

ter using standard Cu Kα radiation (λ=0.154 06 nm). The 

scan range is 10°—80° with 0.016 4° steps. The crystal-

lite phase was evaluated with the data of Joint Commit-

tee on Powder Diffraction Standards (JCPDS). The opti-

cal transmission spectra were measured at room 

temperature (RT) in the wavelength range of 350—800 nm 

using a TU-1901 ultraviolet-visible (UV-Vis) spectro-

photometer. Based on the measured transmittance spectra, 

the optical constants of the films can be obtained. 

Fig.1 shows the XRD patterns of the TGZO thin films 

deposited at different discharge powers. Note that all the 

samples exhibit a dominant (002) peak with slight (004) 

peak in the displayed 2θ region, which indicates that the 

TGZO thin films have highly preferred orientation with 

their crystallographic c-axis perpendicular to the substrates, 

irrespective of discharge power. Neither metallic Ti or 

Ga characteristic peaks nor TiO2 or Ga2O3 peaks are ob-

served from the XRD patterns, which implies that the 

dopants do not destroy the ZnO structure and act as 

typical dopants. Corresponding to the discharge powers 

of 170 W, 200 W, 230 W and 260 W, the intensity ratios 

of (004) peak to (002) peak (I(004)/I(002)) and the intensities of 

(002) peak (I(002)) for the samples can be found from the 

insets of Fig.1 to be 0.84%, 1.13×106 cycles per second, 

0.81%, 1.43×106 cycles per second, 0.83%, 1.32×106 cycles 

per second, and 0.85%, 1.22×106 cycles per second, 

respectively. Clearly, the values of I(004)/I(002) and I(002) are 

observed to rise initially and then fall with the increase 

of the discharge power. The TGZO thin film deposited at 

200 W has the minimum I(004)/I(002) and the maximum 

I(002). To assess the quality of the deposited films, the 

full-width at half-maximum (FWHM) of (002) peak and 

the average grain size (Lav) are used. The Lav is deter-

mined by the Scherrer formula[9,10]:  

( )
av

cosL Kλ β θ= ,                         (1) 

where λ is the wavelength of X-rays used, β is the 

FWHM in radian, θ is the Bragg’s diffraction angle at 

peak position in degrees, and K is a constant that depends 

on crystallites shape (K is equal to 0.90 in this work). 

The values of β and Lav as a function of discharge power 

are presented in Fig.2(a) and (b), respectively. With 

increasing discharge power from 170 W to 200 W, β 

decreases while Lav increases, suggesting that the 

crystalline quality of the films becomes better. However, 

with further increasing discharge power from 200 W to 

260 W, β increases while Lav decreases, indicating that 

the crystalline quality deteriorates. It is obvious that the 

TGZO thin film prepared at the discharge power of 

200 W shows the best multicrystal structure. From Fig.2, 

the average grain size along the c-axis is found to range 

from 61.6 nm to 82.4 nm. The TGZO sample deposited 

at 200 W has the narrowest FWHM (1.76×10-3 rad) and 

the largest crystal grain (82.4 nm). The results indicate 

that the crystalline quality of TGZO thin films depends 

on the discharge power significantly. 

 

 

Fig.1 XRD patterns of all the TGZO samples with (a) 

the intensity of (002) peak and (b) the intensity ratio of 

(004) peak to (002) peak 

 

 

Fig.2 (a) β and (b) Lav of all the TGZO samples 
 

Fig.3 presents the optical transmittances (T) of the 

TGZO thin films deposited on the glass substrates 

(film/substrate system) prepared at different discharge 

powers, using air as reference. The well oscillating 

transmittance curves can be observed for all the samples, 

indicating their low surface roughness and good homo-

geneity. The average optical transmittance in the visible 

range (Tvis) exceeds 82.8% for all the samples regardless 
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of the discharge power. The highest Tvis of 84.3% is 

obtained for the TGZO sample prepared at the discharge 

power of 200 W. Near the absorption edge of the trans-

mission spectra, the absorption coefficient (α) is related 

to the optical gap (Eopt) following the power-law behav-

ior of Tauc[11,12]: 

( ) ( )
opt

m

h B h Eα ν ν= − ,                      (2) 

where hν is the photon energy, B is an energy- independ-

ent constant, and m is an index which can assume values 

of 1/3, 1/2, 2/3 and 2 depending on the nature of the 

electronic transitions responsible for the optical absorp-

tion (m=2 and 2/3 for direct allowed and forbidden tran-

sitions, respectively; m=1/2 and 1/3 for indirect allowed 

and forbidden transitions, respectively). The Eopt of the 

thin films can be estimated by plotting curves of (αhν)2 

versus hν and extrapolating the straight line portion of 

the curves to the energy axis, as shown in the inset of 

Fig.3. The obtained Eopt values of TGZO samples are in 

the range of 3.411—3.489 eV, larger than that of pure 

ZnO (3.270 eV). The widening of optical band gap may 

be attributed to Moss-Burstein shift[13]. Similar results 

have been reported previously by Tsay et al[14] and Agh-

daee et al[15]. 
 

 

Fig.3 Transmittance curves of all the TGZO samples 

(The inset shows (αhν)
2
 versus hν. ) 

 

From the measured optical transmittance data, the 

refractive indices (n) and the extinction coefficients (k) 

of the deposited films are determined by the method of 

optical spectrum fitting. Fig.4 displays n and k of the thin 

films as a function of wavelength (λ). As can be seen, the 

k values of the samples are very small at long wave-

lengths, indicating that the thin films are highly trans-

parent. In addition, the curves of k are fairly flat above 

550 nm and rise rapidly at shorter wavelengths. Similar 

to the curves of k, the n values decrease linearly with 

increasing λ for the thin films, indicating the typical 

shape of the dispersion curve near an electronic inter-

band transition. At λ=530 nm, corresponding to the 

discharge powers of 170 W, 200 W, 230 W and 260 W, n 

and k of the samples are 2.199, 1.959×10-3, 2.143, 

2.046×10-4, 2.169, 2.661×10-3, and 2.101, 4.123×10-3, 

respectively, which are close to the previous results[16]. 

 

Fig.4 (a) Refractive indices n and (b) extinction coef-

ficients k of all the TGZO samples 
 

The n data of the films are analyzed by the Sellmeier’s 

dispersion formula[17,18]: 

( )22 2 2

o o o
1 1n S λ λ λ− = − ,                    (3) 

where So is the average oscillator strength, and λo is the 

average oscillator position. The curves of (n2−1)-1 versus 

λ-2 for all the samples are plotted in Fig.5, and the data 

are fitted into straight lines. The results indicate that the 

Sellmeier’s dispersion model is applicable to the TGZO 

thin films in our work. 
 

 

Fig.5 (n
2
−1)

-1
 versus λ-2

 curves of all the TGZO sam-

ples 
 

The complex dielectric constant (ε*) and the dissipa-

tion factor (tanδ) of the deposited films are determined 

by the following relations[19]: 

*

r i i r
i ,  tanε ε ε δ ε ε= − = ,                   (4) 

where εr and εi are the real and imaginary parts of ε*, 
respectively, and εr=n2−k2, εi=2nk. Fig.6 illustrates εr, εi 
and tanδ of the deposited films as a function of λ. εr, εi 
and tanδ are observed to decrease with the increment of 

λ, and εr is significantly higher than εi for all the samples. 

At λ=540 nm, for the samples deposited at 170 W, 200 W, 

230 W and 260 W, the ε* values are 4.841−i0.072 4, 

4.574−i0.010 1, 4.695−i0.296 1 and 4.405−i0.809 2, and 

the corresponding tanδ values are 0.014 9, 0.002 2, 

0.063 1 and 0.183 7, respectively. 
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(a) 

 

(b) 

 

(c) 

Fig.6 (a) ε
r
, (b) ε

i
 and (c) tanδ of all the TGZO samples 

 

In summary, the transparent TGZO semiconductor thin 

films were fabricated by RF magnetron sputtering 

method. The discharge power dependence of the struc-

tural, optical and dielectric properties of the samples is 

investigated by XRD and optical characterization meth-

ods. XRD patterns confirm that the deposited films have 

polycrystalline nature. The average grain sizes of the 

films are found to be in the range of 61.6—82.4 nm. The 

optical gaps of the films are determined and observed to 

be larger than that of undoped ZnO due to Moss-Burstein 

effect. The refractive index dispersion curves obey the  

Sellmeier’s dispersion model. The results demonstrate that 

the crystal quality, optical and dielectric properties of the 

thin films are subjected to the discharge power. The TGZO 

thin film deposited at the discharge power of 200 W ex-

hibits the optimal crystallinity and optical properties. 
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