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Gallium-titanium-zinc oxide (GTZO) transparent conducting oxide (TCO) thin films were deposited on glass substrates 

by radio frequency magnetron sputtering. The dependences of the microstructure and optoelectronic properties of 

GTZO thin films on Ar gas pressure were observed. The X-ray diffraction (XRD) and scanning electron microscopy 

(SEM) results show that all the deposited films are polycrystalline with a hexagonal structure and have a preferred ori-

entation along the c-axis perpendicular to the substrate. With the increment of Ar gas pressure, the microstructure and 

optoelectronic properties of GTZO thin films will be changed. When Ar gas pressure is 0.4 Pa, the deposited films 

possess the best crystal quality and optoelectronic properties. 
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ZnO semiconductor thin films offer a wide range of appli-

cations in optoelectronic devices, such as solar photovoltaic 

cells[1-3], flat panel displays[4], light emitting diodes[5,6], 

chemical sensors[7,8] and resistive switching[9]. Transparent 

conductive electrode is a necessary component of solar 

photovoltaic cells. Usually, it consists of a transparent con-

ducting oxide (TCO) thin film and a glass substrate. The 

most important commercial material for TCOs nowadays is 

indium-tin oxide (ITO), owing to its unique characteristics 

of high visible transmittance, low resistivity, high infrared 

reflectance and absorbance in the microwave region. How-

ever, ITO is likely to become unavailable because of the 

limitation of indium resources and toxicity in the atmos-

phere. In view of the depletion of ITO, the doped ZnO will 

be emerging as an alternative transparent electrode. Re-

cently, much attention has been paid to the codoping proc-

ess in which two elements are doped into ZnO simultane-

ously, because the codoped ZnO thin films are expected to 

show some improvements in optical and electrical per-

formance of TCOs. Suzuki et al[10] prepared the vana-

dium-aluminum codoped ZnO (VAZO) thin films by di-

rect-current magnetron sputtering to enhance the corro-

sion-resistance of the TCO films. Kirbey et al[11] deposited 

the aluminum-indium codoped ZnO (AIZO) thin films us-

ing off-axis reactive radio frequency sputtering and obtained 

improved electrical properties with no degradation in optical 

transmittance. Suresh et al[12] prepared the gallium-indium 

codoped ZnO (GIZO) thin films by pulsed laser deposition 

and achieved improved surface morphology with enhanced 

optoelectronic properties. Up to now, the aluminum- gal-

lium[13], magnesium-gallium[14], aluminum-titanium[15], bo-

ron-gallium[16] and magnesium-aluminum[17] codoping cases 

have also been reported. However, there have been few 

reports on gallium-titanium codoped ZnO (GTZO) thin 

films. 

In this paper, the GTZO semiconductor thin films 

were deposited on glass substrates by magnetron sput-

tering technique. The influence of Ar gas pressure on the 

grain-growth orientation, microstructure, morphology 

and optoelectronic properties of the thin films was inves-

tigated by X-ray diffraction (XRD), scanning electron 

microscopy (SEM), ultraviolet-visible spectrophotometer 

and four-probe meter. 

The GTZO thin films were grown on the cleaned glass 

substrates by using 13.56 MHz radio frequency magne-

tron sputtering. A sintered GTZO ceramic sputter target 

(1.5% (weight percentage, the same below) Ga2O3: 1.5% 

TiO2: 97% ZnO, 4N purity) was employed as source 

material. The sputtering chamber was evacuated to a 

base pressure below 5.5×10-4 Pa before Ar gas. After 
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vacuum pumping, the sputtering Ar gas with a purity of 

99.999% was introduced into the chamber and controlled 

by the standard mass flow controllers. Before the GTZO 

thin films deposition, pre-sputtering was conducted for 

about 10 min to attain stability and to remove impurities. 

The deposition parameters for preparing GTZO thin 

films are as follows: the substrate-target distance was 

7.0 cm, the substrate temperature was 340 °C, the sput-

tering power was 210 W, and the sputtering time was 

25 min. In order to investigate the influence of Ar gas 

pressure on properties of the deposited films, the Ar gas 

pressure (PAr) was varied from 0.3 Pa to 0.6 Pa. The 

thickness of the samples was measured by a surface pro-

filer (Alpha-step 500). The surface morphology was ob-

served by an SEM (JSM-6700F). The crystallographic 

and phase structures were characterized by XRD. A 

D8-Advance diffractometer with Cu Kα source 

(λ=0.154 06 nm) and Ni filter was used for the XRD 

measurement. The power of XRD was 1 200 W and the 

scan was preformed from 20° to 80° at a speed of 

1.872°/min, with a step size of 0.016 4°. The crystallite 

phase was determined with the data of joint committee 

on powder diffraction standards (JCPDS). The optical 

transmission (T) and reflection (R) spectra at normal in-

cidence were measured with a double-beam UV-visible 

spectrophotometer (TU-1901), and the electrical proper-

ties were evaluated using a four-point probe measure-

ment system (RH-2035). All measurements were carried 

out in air ambient at room temperature.  

Fig.1 shows the XRD patterns of the GTZO samples 

deposited on glass substrates at different PAr. These XRD 

peaks are assigned to ZnO according to the JCPDS data 

file No.36-1451 (ZnO). As can be seen, all the samples 

exhibit a dominant (002) peak with slight (004) and (100) 

peaks in the displayed 2θ region, indicating that the 

GTZO thin films have hexagonal wurtzite structure with 

high c-axis orientation. Neither metallic Ga or Ti char-

acteristic peaks nor Ga2O3 or TiO2 peaks were observed 

from the XRD patterns, which implies that the dopants 

have not destroyed the ZnO structure and act as typical 

dopants. From Fig.1, the intensity of (002) peak (I(002)) is 

much stronger than that of the others. Corresponding to 

the PAr of 0.3 Pa, 0.4 Pa, 0.5 Pa and 0.6 Pa, the I(002) val-

ues are observed to be 1.48×106 cycles per second (cps), 

1.65×106 cps, 5.76×105 cps and 4.17×105 cps, respec-

tively. Clearly, the I(002) increases firstly and then de-

creases with the increase of PAr. 

The texture coefficient TC(hkl) of the deposited thin 

films was calculated from the following equation[17]: 
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where the subscripts h, k and l are Miller indices, I(hkl) is 

the measured intensity of a plane (hkl), I0(hkl) is the stan-

dard intensity of the plane (hkl) taken from the JCPDS 

data file, and n is the reflection number of diffraction 

peaks considered. It is clear from Eq.(1) that the devia-

tion of texture coefficient from unity implies the thin 

film growth in preferred orientation. The calculated tex-

ture coefficients TC(hkl) are plotted in the inset of Fig.1. 

As can be seen, the values of TC(100), TC(002) and TC(004) 

are 0.002 35—0.004 96, 2.921—2.961 and 0.034 3—

0.042 3, respectively. Obviously, the highest TC(hkl) val-

ues are in (002) plane for all the deposited films, sug-

gesting that all the deposited films have c-axis preferred 

orientation. As shown in the inset of Fig.1, with increas-

ing the PAr from 0.3 Pa to 0.4 Pa, the TC(002) increases, 

indicating that the crystal quality of the GTZO thin films 

becomes better. However, with further increasing the PAr 

from 0.4 Pa to 0.6 Pa, the TC(002) gradually decreases and 

the crystal quality deteriorates. The maximal TC(002) of 

2.961 is obtained for the sample deposited at PAr=0.4 Pa. 

The results indicate that the GTZO thin films deposited 

at PAr=0.4 Pa possess the best crystallite quality.  

 

 

Fig.1 XRD patterns of GTZO samples deposited at 

different PAr 

 

Fig.2 displays a typical SEM image of the sample de-

posited at PAr=0.4 Pa. It depicts that the surface of GTZO 

film is smooth and dense, and the grain size is uniformly 

distributed with an average size of about 90 nm. The thin 

film consists of some columnar structured and c-axis 

oriented grains, which is consistent with the result of 

XRD. 

 

 

Fig.2 SEM image of the GTZO sample deposited at 

PAr=0.4 Pa 
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The crystallite size of the deposited films was calcu-

lated from the diffraction peaks of (002) plane using 

Debye-Scherrer’s (DS) formula[18,19]: 

B
cos

k
D

B

λ
θ

= ,                              (2) 

where D, k, λ, θB and B are the mean crystallite size, the 

Scherrer factor (k≈0.89), the X-ray wavelength 

(λ=0.154 06 nm), the Bragg diffraction angle, and the 

full-width at half-maximum (FWHM), respectively. The 

dislocation density δ and the strain ε can be estimated 

from the following formulae[8,20]: 

2
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where c and c0 are the lattice constants of the deposited 

films and pure ZnO, respectively. The lattice constants of 

the deposited films were calculated from XRD data using 

the following equation[20]: 
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where a and c are the lattice constants. The stress σ in 

the plane of the thin film can be evaluated using the bi-

axial strain model[14]: 

9

233 10σ ε≈ − ×  (Pa).                       (6) 

The values of D, δ, ε and σ of all the deposited films are 

presented in Fig.3 and Fig.4, respectively. For the GTZO 

samples prepared at PAr of 0.3 Pa, 0.4 Pa, 0.5 Pa and 0.6 Pa, 

the D values are found to be 73.9 nm, 87.5 nm, 45.0 nm and 

37.9 nm, respectively, as shown in Fig.3. The crystallite size 

D increases first and subsequently decreases with the in-

crement of PAr. The sample deposited at 0.4 Pa possesses 

the largest crystallite size of 87.5 nm. The increase in crys-

tallite size may be due to the coalescence of small crystals. 

From Fig.3 and Fig.4, the δ and ε values are obtained to be 

in the ranges of 1.31×1014—6.96×1014 line⋅m-2 and 

8.25×10-4—1.36×10-3, respectively. And the tendency in the 

change of δ and ε is observed to be opposite to that of D. 

Clearly, the sample prepared at 0.4 Pa exhibits the 

minimum δ and ε. The decrease in δ and ε can be attributed 

to the improvement of crystallinity and the increase of 

crystallite size. From Fig.4, it can be seen that all the sam-

ples have a negative stress, which indicates a compressive 

stress in the deposited films. The values of σ are 

2.81×108 Pa, 1.90×108 Pa, 2.62×108 Pa and 3.24×108 Pa for 

the films deposited at PAr of 0.3 Pa, 0.4 Pa, 0.5 Pa and 

0.6 Pa, respectively. The σ value of the thin films is ob-

served to decrease firstly and then increase with the increase 

of PAr. The results suggest that the crystallite size, 

dislocation density, strain and stress of the deposited films 

are subjected to the PAr. 

 

Fig.3 The D and δ values of GTZO samples deposited 

at different PAr 

 

 

Fig.4 The ε and σ values of GTZO samples deposited 

at different PAr 

 

The transmission (T) and reflection (R) spectra at 

normal incidence for GTZO samples deposited at differ-

ent PAr are presented in Fig.5. All the transmission  

 

 

Fig.5 The spectra of T and R for GTZO samples de-

posited at different PAr 

 

spectra show interference pattern with sharp fall of 

transmittance at the band edge, which is an indication of 

good crystallinity. As shown in the inset of Fig.5(a), the 

average transmittance in the visible range (Ta) increases 
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slightly with the PAr up to 0.4 Pa, and then significantly 

decreases when the PAr is over 0.4 Pa. The highest Ta 

value of 86.31% can be achieved at PAr=0.4 Pa. This 

enhancement in the optical transmittance is closely re-

lated to the improvement of crystallinity and the increase 

of crystallite size of the thin films. 

Fig.6 shows the Tauc plots of (αhν)2 as a function of 

photon energy hν for the GTZO samples deposited at 

different PAr. As a direct band gap semiconductor, the 

optical band gap Eg
d can be determined by the following 

equation[21,22]: 

( ) ( )2 d

g
h A h Eα ν ν= − ,                       (7) 

where A is a constant dependent on the electron-hole 

mobility, and α is the absorption coefficient, as a func-

tion of the photon energy hν. The α values were calcu-

lated from the transmission and reflection spectra using 

the following formula[21]: 
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where d is the film thickness, and T and R are the trans-

mittance and reflectance, respectively. The values of Eg
d 

are determined by extrapolating the linear portion of the 

curves to (αhν)2=0. The band gaps of GTZO samples 

were found to be ranging from 3.456 eV to 3.481 eV, 

larger than that of undoped ZnO (~3.270 eV). The wid-

ening of optical band gap may be attributed to 

Moss-Burstein shift effect[23,24]. This effect is due to the 

conduction band filling in highly degenerate semicon-

ductor makes the Fermi level exceed the conduction 

band minimum. 

Fig.7 shows the electrical resistivity ρ of the GTZO sam-

ples deposited at different PAr. As the PAr increases from 

0.3 Pa to 0.6 Pa, the ρ drops initially and subsequently rises. 

The lowest ρ value of 7.23×10-4 Ω·cm is obtained for the 

GTZO sample deposited at PAr=0.4 Pa. The reduction in 

the electrical resistivity can be attributed to the im-

provement of crystallinity and the increase of crystallite 

size[25]. 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig.6 Tauc plots of (αhν)
2
 versus hν for GTZO samples 

deposited at different PAr 

 

In order to evaluate the quality of the transparent con-

ductors, the figure of merit (FTC) is given by the for-

mula[22]: 

a

TC
= 

T
F

ρ
,                                 (9) 

where Ta is the average transmittance in the visible range 

and ρ is the electrical resistivity. Fig.7 displays the variation 

of FTC with PAr for the deposited GTZO samples. As the PAr 

increases, the FTC first increases then decreases and reaches 

its maximum value of 1.19×103 Ω-1·cm-1 at PAr=0.4 Pa. 
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The increase in FTC with PAr is due to the decrease in 

electrical resistivity and the increase in optical transmit-

tance. It is known that the higher the FTC, the better qual-

ity of the TCO thin film. Thus, in this study, it can be 

concluded that the optimum Ar gas pressure is 0.4 Pa, 

where the FTC is the highest. 

 

 

Fig.7 The Ta and ρ values of GTZO samples deposited 

at different PAr 

 

In conclusion, transparent conducting GTZO thin 

films were deposited by radio frequency magnetron 

sputtering method. The Ar gas pressure dependences of 

the grain-growth orientation, structural, optical and elec-

trical properties for the deposited films were investigated 

by XRD, SEM, four-point probe and spectrophotometer. 

It is found that the GTZO thin films are polycrystalline 

and have preferred orientation along (002) direction. The 

crystalline quality, microstructure and optoelectonic 

properties of the deposited films are closely related to the 

Ar gas pressure. As the Ar gas pressure increases, the 

texture coefficient of (002) plane, crystallite size, aver-

age visible transmittance and figure of merit are 

observed to increase initially and subsequently decrease, 

whereas the dislocation density, strain, compressive 

stress and electrical resistivity decrease firstly and then 

increase. The thin films deposited at the Ar gas pressure 

of 0.4 Pa exhibit the best crystal quality and optoelec-

tronic properties, with the largest crystallite size of 

87.5 nm, the highest average visible transmittance of 

86.31%, the lowest resistivity of 7.23×10-4 Ω⋅cm and the 

maximum figure of merit of 1.19×103 Ω-1⋅cm-1. In addi-

tion, the optical band gaps of the thin films were calcu-

lated by means of the Tauc plots. The results show that 

the band gaps are in the range of 3.456—3.481 eV, larger 

than that of undoped ZnO due to Burstein-Moss shift. 
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