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Highly conductive gallium-doped zinc oxide (GZO) transparent thin films were deposited on glass substrates by RF mag-
netron sputtering. The deposited films were characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
four-point probe and UV-Vis spectrophotometer, respectively. The effect of growth temperature on the structure and optoelec-
trical properties of the films was investigated. The results demonstrate that high quality GZO films oriented with their crystal-
lographic c-axis perpendicular to the substrates are obtained. The structure and optoelectrical properties of the films are highly
dependent on the growth temperature. It is found that with increasing growth temperature, the average visible transmittance of
the deposited films is enhanced and the residual stress in the thin films is obviously relaxed. The GZO films deposited at the
growth temperature of 400 °C, which have the largest grain size (74.3 nm), the lowest electrical resistivity (1.31 x 1073 Q-cm)
and the maximum figure of merit (1.46 x 102 Q~1), exhibit the best optoelectrical properties. Furthermore, the optical proper-
ties of the deposited films were determined by the optical characterization methods and the optical energy-gaps were evaluated
by extrapolation method. A blue shift of the optical energy gap is observed with an increase in the growth temperature.
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1. Introduction layer deposition [16]. Up to now, many research
groups have reported the effect of deposition con-
ditions on the properties of GZO thin films pre-
pared by different methods. Gorrie et al. [9] stud-
ied the influence of deposition distance and tem-
perature on electrical, optical and structural prop-
erties of RF magnetron-sputtered GZO thin films.
They found that the changes in substrate tempe-
rature have a greater impact on the conductivity
compared to changes in target-substrate distance.
The highest conductivity (3200 S/cm) and mobility
(20.7 cm?/V-s) are obtained at the substrate tem-
perature of 250 °C and at the target-substrate dis-
tance of 51 mm. Kim et al. [11] studied the de-
pendence of resistivity and transmittance of RF
sputter-deposited GZO thin films on substrate tem-
perature and oxygen partial pressure. The trans-
mittance of the GZO thin film is observed to be
higher than 90 % in the visible range. The resistiv-
*E-mail: jhgalpha@163.com ity of GZO films decreases first and then increases

Gallium-doped zinc oxide (GZO) is a promis-
ing transparent conductive oxide (TCO) material
for applications, such as transparent electrodes in
photovoltaic solar cells [1-3], gas sensors [4], thin
film transistors [5], liquid crystal displays [6] and
organic light emitting devices [7, 8]. Besides high
conductivity and optical transmittance in the vis-
ible region, the GZO thin films have a lot of
advantages, such as low cost, non-toxicity, ma-
terial abundance and high stability under hydro-
gen plasma, compared to ITO thin films. For the
preparation of GZO thin films, there are many de-
position techniques currently in use, for instance,
RF magnetron sputtering [9-11], DC magnetron
sputtering [12], spray pyrolysis [13], pulsed laser
deposition [14], sol-gel process [15] and atomic
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as the substrate temperature increases from room
temperature to 400 °C, and the minimum electrical
resistivity of 3.3 x 107* Q. cm can be obtained at
300 °C, while the resistivity hardly changes with
the O,/Ar flow ratio (R) for R < 0.25 but increases
rapidly with R for R > 0.25. Bie et al. [12] stud-
ied the physical properties of GZO films prepared
by DC reactive magnetron sputtering. They found
that the substrate temperature have an important
impact on the properties of GZO thin films. The
thin film deposited at 350 °C exhibits relatively
good crystallinity and the lowest electrical resistiv-
ity of 3.4 x 10~* Q-cm, while low-resistance and
high transmittance GZO films can also be obtained
at 150 °C by changing sputtering power. Gomez
et al. [13] studied the effect of deposition tem-
perature and dopant concentration [Ga/Zn] on the
properties of GZO thin films obtained by chemical
spray technique. The minimum electrical resistiv-
ity (7.4 x 103 Q-cm) and the maximum figure of
merit (5.1 x 10~* Q1) were obtained for the GZO
thin films deposited at the substrate temperature of
425 °C using the solution with the [Ga/Zn] ratio of
2 at.%. In addition, Yamada et al. [17] reported that
the lowest electrical resistivity of 2.1 x 107% Q-cm
can be achieved at the substrate temperature of
250 °C for the GZO thin films prepared by ion-
plating method with DC arc discharge, while Nam
et al. [16] found the lowest electrical resistivity
to be about 1.5 x 1073 Q-cm for the GZO film
grown at 300 °C by thermal atomic layer deposi-
tion. Furthermore, many authors adopted Taguchi
method to investigate the effect of various depo-
sition conditions on structure and optoelectronic
properties of the GZO thin films, and found that the
substrate temperature is one of the most important
deposition parameters determining the film prop-
erties [18-20]. To our knowledge, although many
experimental studies have been conducted on the
synthesis, structural and optoelectrical properties
of the GZO thin films, there are no detailed studies
on optical constants and their dispersion behaviour,
which are crucial to the structure design and per-
formance improvement of optoelectronic devices.
In this present work, transparent conducting GZO
thin films were deposited on glass substrates by RF
magnetron sputtering technique at different growth

temperatures. The structural, optical and electrical
properties of the thin films were studied.

2. Experimental

2.1. Thin films preparation

Commercial plane glasses were cut into
30 mm x 30 mm plates and used as substrates in
this experiment. Prior to their use, the glass sub-
strates were successively washed in an ultrasonic
bath of acetone, alcohol and deionized water, each
for 15 min, and then dried in a high-purity ni-
trogen gas jet. The GZO transparent conducting
films were deposited onto the previously cleaned
glass substrates by RF magnetron sputtering sys-
tem (KDJ-567) using a ZnO doped 3 wt.% Ga,0s
target (purity: 4N). Before deposition, the cham-
ber was evacuated to an ultimate background pres-
sure of 2.0 x 107* Pa using a turbo molecular
pump. Then high-purity (99.99 %) argon gas was
introduced into the chamber at a fixed flow rate
of 20 sccm, and 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 deposi-
tion, the sputtering power was fixed at 180 W, and
the target-substrate distance was kept at 75 mm. In
order to investigate the effect of growth tempera-
ture (Tg) on properties of the films, the growth tem-
perature T, was varied from 50 °C to 500 °C.

2.2. Thin films characterization

The crystal structures of the deposited films
were examined by X-ray diffraction (XRD,
D8-ADVANCE) using standard CuK« radiation
(A = 0.15406 nm). The chemical states were ana-
lyzed by X-ray photoelectron spectroscopy (XPS,
VG Multilab 2000) with monochromatic AlK«x
source under vacuum at 2.1 x 107 Pa. All of the
binding energies were referenced to the C 1s peak
at 284.6 eV of the surface adventitious carbon.
The optical transmission spectra were recorded
using a double beam UV-Vis spectrophotometer
(TU-1901). The sheet resistance and electrical
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resistivity were measured with a four-point probe
measurement system (SZ-82).

3. Results and discussion

3.1.

Fig. 1 presents the XRD patterns (0 to 20) of
the GZO thin films deposited at different growth
temperatures. For all the samples, the diffrac-
tion peak positions of 26 located at about 31.1°,
34.2°, 55.3° and 62.2° are associated with the
(100), (002), (110) and (103) planes of hexagonal
phase according to the JCPDS Card No. 36-1451
(ZnO) [9, 21]. Obviously, the intensity of (002)
peak is much stronger than that of the others. The
result indicates that the GZO thin films have hexa-
gonal wurtzite structure with highly c-axis orienta-
tion. Note also that neither metallic Zn or Ga char-
acteristic peaks nor GapO3 phase is found from the
XRD patterns, which implies that the Ga atoms ei-
ther replace Zn atoms in the hexagonal lattice or
segregate to the non-crystalline region in the grain
boundary. Similar results for GZO thin films have
been reported by many researchers [9, 13, 17]. The
degree of preferred orientation of each film was es-
timated with the orientation factor Py [21, 22]:

Structural properties

Joo) 100%,

Flooo) Y iy
where I(ogy) is the (002) peak intensity, and Xy
is the sum of the intensities of all the diffraction
peaks for the GZO thin film. The value of P(ngy)
is unity for a perfectly (002) oriented film. As
shown in Fig. 1h, with increasing the growth tem-
perature T,y from 50 °C to 400 °C, the I(gg;) and
P (002 increase obviously, suggesting that the crys-
talline quality of the GZO thin films appears to be-
come better, which is also reflected by the improve-
ment of the electrical properties of the thin films.
However, with the further increase from 400 °C to
500 °C, the I(ggy) and P(og2) gradually decrease, the
crystalline quality deteriorates. This result implies
that the GZO thin films deposited at 400 °C exhibit
the best crystal quality. At low growth temperature,
the sputtered atoms possess less energy and low
surface mobility. With the increase of the growth
temperature, these atoms have sufficient energy

(1)

and surface mobility to settle in a stable position.
This gives rise to the most stable c-axis oriented
structure as preferred growth orientation. However,
further increasing the growth temperature over
400 °C would lead to the increase of desorption rate
for adsorption atoms resting on substrate surface.
When the desorption rate is becoming greater than
diffusion rate, large amounts of defects in films
would produce, and then the crystalline quality of
the deposited films become worse. Similar result
has been reported previously by Cao et al. [23].
On the other hand, further increase of energy in
the case of higher growth temperature over 400 °C
could result in the breaking of the bonding of
Zn-0O and re-evaporation of the deposited films
rather than enabling the atoms to move to their sta-
ble sites [12, 24], so as to decrease the orienta-
tion factor of (002) direction. Zhang et al. [25] and
Zhong et al. [22] reported similar result in research-
ing the influence of growth temperature on the
structural properties of Al-doped ZnO thin films.

Fig. 2 displays the peak position (20) and full-
width at half-maximum (FWHM, B) of (002) plane
for the GZO films deposited at different growth
temperatures. It is clear from Fig. 2a that the 20
value continuously increases with the increment of
growth temperature T,. When the growth tempe-
rature is 450 °C, the value of 20 is 34.403°, ap-
proaching the value (34.421°) of the undoped ZnO
(JCPDS Card No. 36-1451). Note from Fig. 2b that
the B value decreases significantly with the growth
of temperature up to 400 °C, and then it increases
slightly above 400 °C. From the values of 20 and
B of the (002) peak, the grain sizes (D) can be esti-
mated by the Scherrer’s formula [26, 27]:

KA
~ Bcos@’ @
where the constant K is the shape factor
(K = 0.89), A is the wavelength of X-rays used
(A = 0.15406 nm), B is the FWHM in radians and
0 is the Bragg’s diffraction angle [28]. The grain
sizes D of the films deposited at different growth
temperatures are plotted in Fig. 2c. The D values in
the range of 8.0 nm to 74.3 nm are observed with
the variation of the growth temperature from 50 °C
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Fig. 1. XRD patterns of GZO films prepared at different growth temperatures (intensity axes
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to 500 °C, and the maximum D value of 74.3 nm is
obtained at the growth temperature of 400 °C.

The lattice constants of the deposited films were
calculated from XRD data using the following
equations [29-31]:

—-1/2
1 4(h*+ K>+ hk) /
c=1| -0 3)
(ki) a
A
- 4
dowt) = 5 Gno @

where a and c are the lattice constants, the sub-
scripts h, k and 1 are Miller indices, and dpy) is
the crystalline plane distance for indices (hkl). Ac-
cording to equation 3, the lattice constant c is equal
to 2d for the (002) diffraction peak. The residual
stress (Ofim) in the plane of the film can be evalu-
ated using the biaxial strain model [32, 33]:

C33(C11+Cri2) | c—co

5
2C3 o ©)

Ofilm = |C13 —

where Cj; are the elastic constants; the fol-
lowing values for single crystal ZnO are
used [21, 34]: C;; = 208.8 GPa, Cj, = 119.7 GPa,
C13 = 104.2 GPa and C33 = 213.8 GPa. This yields
the following numerical relation for the residual
stress ogm derived from the change in the ‘c’ lattice
parameter:

c—co

O itm = —232.8 (GPa) (6)

€o
where c is the lattice constant of the strained GZO
thin films calculated from XRD result, and cg is the
lattice constant of the undoped ZnO. Generally, the
residual stress ofpy, of a film deposited onto a sub-
strate can be separated into two components [35]:

(7)

Ofilm = Oth + Oint

where oy, and oy, are the intrinsic and thermal
stresses, respectively. The thermal stress oy, is
given by the expression [36]:

E
I _Ao-AT

O =
th 1—Vf

8)

where Ef and +v¢ are Young’s modulus and
Poisson’s ratio of the thin film, respectively.
AT = Ty,—To is the temperature change,
Ax = o — s is the difference in coefficients
of thermal expansion between the thin film and
the substrate. Using the values of E; = 123 GPa,
vy = 036 and o = 5 x 10°® K~! for GZO
thin films and oz = 9 x 107 K~! for the glass
substrates [21, 36], the thermal stress oy, at
room temperature (Tp = 25 °C) for the GZO
samples deposited at different growth temperatures
(Tg = 50 to 500 °C) were calculated by equation 8.
After having obtained the residual stress oy, and
the thermal stress oy,, the intrinsic stress O, of
the deposited GZO films can be readily achieved
using the relation (7). The stress results of the
GZO thin films deposited at different growth
temperatures are plotted in Fig. 2d. When the
growth temperature varies from 50 °C to 350 °C,
the negative sign of residual stress Ogyy, intrinsic
stress Ojn; and thermal stress oy, can be observed,
indicating that the deposited films are in a state
of compressive stress. Note also that the value
of ojy is much larger than that of oy,. Thus, the
residual stress oOfly, might only be attributed to
the intrinsic stress ojy, rather than the thermal
stress 0. On the other hand, the positive sign of
respective values of oy, can be remarked at the
growth temperature larger than or equal to 400 °C.
This means that the intrinsic stress oj, 1S a tensile
one. Hence, the contribution of intrinsic stress Ojy¢
to the overall residual stress of)y, 1S to counteract
the thermal stress oy,. It is also found that the
value of ojy is slightly smaller than that of oy,.
The negative value of residual stress o, indicates
that the thin films are in a state of compressive
stress. The value of og), decreases significantly
with the growth temperature up to 400 °C, and
then it decreases slightly above 400 °C. The
of1m values are observed to be about 2.509 GPa,
2.092 GPa, 0.107 GPa and 0.106 GPa for the GZO
thin films deposited at the growth temperatures of
300 °C, 350 °C, 400 °C and 450 °C, respectively.
It indicates that the residual stress in the thin films
is obviously relaxed with the increase of growth
temperature, which is in good agreement with the
results obtained by Kumar et al. [37] in ZnO film.
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Fig. 2. The values of 20 , B, D and o for GZO films prepared at different growth temperatures.

Fig. 3a depicts the wide-scan XPS spectrum of
the GZO thin films deposited at the growth tem-
perature of 400 °C. In the XPS spectrum, the pho-
toelectron peaks of Ga, C, O and Zn are detected,
and the peaks located at about 20.3 eV, 530.4 eV,
1021.7 eV and 1044.8 eV correspond to Ga 3d,
O 1s,Zn 2p3 ), and Zn 2p 5, respectively. The peak
centred at 284.6 eV corresponds to C 1s, suggest-
ing that carbon is the only major contaminant. Sim-
ilar results have also been reported previously by
several groups [38—40]. Fig. 3b to Fig. 3d display
the narrow-scan XPS spectra of Ga 3d, O 1s and
Zn 2p;), for the sample. As can be seen, only a
peak at 20.3 eV is detected in Ga 3d XPS spec-
trum, corresponding to Ga—O bond. It suggests that
Ga is in its oxidization state and it is located at the
Zn site in the GZO thin film, which is in agree-
ment with the XRD measurements above. The O 1s
peak can be fitted by two nearly Gaussian, centered
at 530.1 eV and 531.2 eV, respectively. The peak
located at lower energy (530.1 eV) accords

with Zn—-O bond, while the higher energy peak
(531.2 eV) accords with the chemisorbed oxy-
gen [41]. Note that the core line of Zn 2p3, shows
high symmetry and the binding energy of Zn 2ps
remains to be about 1021.7 eV, which confirms that
the majority of Zn atoms remain in the same formal
valence state of Zn®t within the ZnO matrix [42].
In addition, no metallic Zn peak located at about
1021.5 eV [42] is observed in the XPS spectrum,
indicating that Zn exists only in the oxidized state,
which is consistent with the XRD analysis above.

3.2. Optical properties

Fig. 4 gives the optical transmission spec-
tra of the GZO thin films deposited at different
growth temperatures. The well oscillating trans-
mittance curves can be observed for all the thin
films, indicating low surface roughness and good
homogeneity [43—45]. It is also found that the
cut-off wavelength shifts towards the short side,
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Fig. 3. The XPS spectra of the GZO films prepared at the growth temperature of 400 °C.

suggesting a widening of the optical energy-gap
with increasing growth temperature. This blue-shift
of the absorption edge can be explained by the
Burstein-Moss effect in which the absorption edge
shifts towards higher energy with an increase of
carrier concentration. The average visible transmit-
tance (Ty;s) of all the thin films is plotted in the
inset in Fig. 4. As can be seen, the average visible
transmittance Ty is over 83 % for all the deposited
films, and the T,j; value monotonically increases
with the growth temperature T.

From the measured transmittance spectra, the
optical constants of the GZO thin films were
determined using the method of optical spec-
trum fitting [46]. Fig. 5 shows the dependence of
refractive index (n) and extinction coefficient (k)
on wavelength (A) for the thin films prepared at
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Fig. 4. Optical transmission spectra of GZO films pre-
pared at different growth temperatures. The inset
gives the average visible transmittance of all the
films.
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different growth temperatures. As can be seen, the
extinction coefficient k of the thin films is very
small in the visible region, indicating that the GZO
thin films are highly transparent. The refractive
index n is observed to decrease with increasing
wavelength A for the deposited films. When the
growth temperature increases, the value of n in-
creases initially and then decreases. At wave-
length A = 500 nm, corresponding to the growth
temperatures of 300 °C, 350 °C, 400 °C and
450 °C, the values of n and k of the thin films are
2.075, 7.118 x 107; 2.112, 2.755 x 1077; 2.251,
9.380 x 107%; and 2.184, 2.830 x 1074, respec-
tively. The results in this present work are com-
parable to the results of previous studies. Wang et
al. [47] reported that the n values of undoped ZnO
thin films prepared by filtered cathode vacuum arc
deposition, obtained by the envelope method, were
2.03 to 2.21 in the visible range, and the n values
measured by spectroscopic ellipsometer by Hwang
et al. [48], were about 1.93 to 2.18 in the visible
range for Al-doped ZnO thin films deposited by
reactive RF sputtering. Note also from Fig. 5 that
the dispersion curve rises sharply towards shorter
wavelength, displaying the typical shape of a dis-
persion curve near an electronic interband transi-
tion. The dispersion data of the n were analyzed by
the Sellmeier’s dispersion formula [49, 50]:

W21 = Eq/Eo -
1 (E/Eo)

where Eq4 is the dispersion energy and E, is the
single-oscillator energy. The curves of (n>—1)~!
versus E? for all the thin films are plotted in Fig. 6
and the data are fitted into straight lines, indicat-
ing the Sellmeier’s dispersion model is applicable
to the GZO films in our work. The E4 and E, val-
ues are deduced from the slope (—1/E4E,) and in-
tercept (Eo/Eq) on the vertical axis. The long wave-
length refractive index (n.), the M_; and M_3 mo-
ments of the optical spectra were calculated by the
following formulae [51, 52]:

E;\ 2 E,
o= (1422} . M, =4
n (+E(,> 1

©)

E,
(10)

The obtained results of n.., M_; and M_3 are sum-
marized in Table 1. The values of E, can be ob-
served to vary from 5.376 eV to 6.181 eV, and
Eq from 14.707 eV to 20.190 eV for the films
deposited at different growth temperatures T,. Ob-
viously, the E,, varies in a very narrow range com-
pared with the E4. Note also from Table 1 that all
the parameters of the thin films are strongly depen-
dent on the growth temperature.

Table 1. Optical properties of GZO films prepared at
different growth temperatures.

Ty (°C) E; (eV) Eq(eV) n. E_ | E 3 evV™>)

300 5.983 16.459 1.937 2.751 7.685 x 1072
350 5.376 14.707 1.933 2.736 9.466 x 1072
400  5.942 20.190 2.097 3.398 9.623 x 102
450  6.181 19.762 2.049 3.197 8.369 x 102

The optical energy-gap (Eg) of the thin films is
determined by applying the Tauc model, and the
Davis and Mott model in the high absorbance re-
gion [53, 54]:

(edE)"=A(E—Eg), (11)

where E is the photon energy, A is the constant, and
« is the optical absorption coefficient. For m = 2
the transition data provide the best linear curve
in the band-edge region, implying the transition is
direct in nature. The energy-gap of the deposited
films have been calculated using Tauc’s plot by
plotting (xE)? versus E (Fig. 7) and by extrapo-
lating the linear portion of the absorption edge to
find the intercept with energy axis [55]. The depen-
dence of optical energy-gap E; on growth tempe-
rature Ty is shown in the inset of Fig. 7, and the
E; values of GZO thin films was calculated to be
in the range of 3.385 eV to 3.511 eV. The GZO
films in our study appear to have larger E; com-
pared to undoped ZnO films, due to the increase in
carrier concentration caused by the contribution of
Ga’* ions at substitutional sites of Zn’>* ions and
the higher energy-gap resulted from Ga interstitial
atoms. Similar results have been reported previ-
ously by Chang et al. [56] and Gupta et al. [57] who
studied the optical properties of Al-doped ZnO thin
films and In-doped ZnO thin films.
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3.3. Electrical properties

Fig. 8 illuminates the electrical resistivity (p)
of the GZO thin films deposited at different
growth temperatures. As the growth temperature
increases from 300 °C to 450 °C, the p first
decreases and then increases. The lowest resis-
tivity of 1.31 x 1073 Q.cm is obtained at the
growth temperature of 400 °C. Similar variation
tendency has been reported previously by Kim
et al. [11]. The decrease in electrical resistiv-
ity can be attributed to the increase in grain
size, which is confirmed by the results of XRD
discussed above. The increase in the grain size
can cause a decrease in grain-boundary scat-
tering and an increase in carrier lifetime, and

consequently lead to an increase of both the car-
rier concentration and Hall mobility and, hence,
result in a decrease in electrical resistivity [58,
59]. When the growth temperature increases from
300 °C to 400 °C, the grain size increases (from
10.6 nm to 74.3 nm) obviously, and the grain
boundaries decrease rapidly, and thereby the elec-
trical resistivity decreases sharply. With further in-
creasing the growth temperature over 400 °C, how-
ever, the grain size decreases (from 74.3 nm to
64.6 nm) and the grain boundaries increase, and ac-
cordingly the electrical resistivity increases.

In order to quantify the optoelectrical properties
of the deposited films, the figure of merit (Frc) was
calculated using Haacke’s formula [60, 61]:

(12)

where Ty is the average visible transmittance and
Rgn is the sheet resistance [62]. Fig. 8 shows the
figure of merit (Frc) as a function of growth tempe-
rature. As can be seen, the Frc increases firstly and
then decreases with the increment of the growth
temperature. The best combination of high trans-
mission and low resistivity, i.e. the maximal figure
of merit Frc = 1.46 x 1072 Q! is obtained at the
growth temperature of 400 °C. Similar results, i.e.
Frc =0.13-1.50 x 1072 Q™! for typical Al-doped
Zn0, GZO and ITO thin films, have been reported
in the literature [63-65]. Obviously, the value of
Frc for the films grown at 400 °C is observed to
be very close to the highest Frc of the typical TCO
candidate, indicating that the deposited thin films
in our work have acceptable optical and electronic
properties for potential applications as transparent
conductive electrodes in photovoltaic solar cells,
light emitting devices and flat panel displays.

4. Conclusions

In summary, transparent conductive GZO thin
films were deposited on glass substrates by RF
magnetron sputtering at different growth temper-
atures varying from 50 °C to 500 °C. The ef-
fect of growth temperature on the structural, opti-
cal and electrical properties of the thin films was
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investigated. It is found that the growth temperature
plays a prominent role on the structural, electrical
properties of the films, but has not so much influ-
ence on the optical properties. The XRD patterns
indicate that the deposited films are of c-axis pre-
ferred orientation. When the growth temperature
is increased up to 400 °C, the crystallinity of thin
films is improved, yet deteriorated at higher growth
temperature over 400 °C. The residual stress in the
deposited films can be observed to obviously re-
lax with increase in growth temperature. The XPS
spectra reveal that Ga atoms substitute Zn in the
hexagonal lattice. Also, we can remark the pres-
ence of the chemisorbed oxygen in GZO thin films,
while Zn as well as Ga exist only in oxidized state.
Both the analyses of the XRD and XPS are consis-
tent with each other. With the increment of growth
temperature, the electrical resistivity of GZO films
decreases first and then increases, but the aver-
age visible transmittance monotonically increases.
The GZO thin film prepared at the growth tem-
perature of 400 °C exbihits the lowest resistivity
of 1.31 x 1073 Q- cm and the highest figure of
merit of 1.46 x 1072 Q~! with the average visible
transmittance of 89 %. Meanwhile, the optical con-
stants were determined using the method of optical
spectrum fitting from the measured transmittance
spectra. The dispersion behavior of the refractive
index was studied in terms of the Sellmeier’s dis-
persion model, and the oscillator parameters of the
thin films were achieved. Furthermore, the optical
energy-gaps of the deposited films were calculated
by extrapolation method from the Tauc’s plots. The
optical energy-gap of the thin films is observed to
increase gradually from 3.385 eV to 3.511 eV with
increasing the growth temperature. The results in-
dicate that the control of growth temperature is an
important factor in the fabrication of GZO trans-
parent electrodes for optoelectronic devices.
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