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Abstract The transparent semiconductors of titanium—
gallium-zinc oxide (TiGa—ZnO) thin films were prepared
on glass substrates by radio frequency (1f) magnetron
sputtering. The dependence of the grain-growth orienta-
tion, structure, electrical and optical properties of thin films
on rf power was investigated by X-ray diffractometer, UV—
visible spectrophotometer and Hall effect measurement
system. Experimental results show that all nanocrystalline
TiGa—ZnO thin films possess preferential orientation along
the (002) plane. The rf power strongly affects the crystal
structure, electrical and optical properties of thin films.
When the rf power is at 190 W, the thin film deposited on
the glass substrates has the optimal crystal quality and
optoelectronic properties, with the largest mean grain size
(83.1 nm), the minimum lattice strain (6.287 x 10_4), the
highest average transmittance in the visible range
(84.62 %), the lowest electrical resistivity
(9.68 x 1074 Q cm) and the maximum figure of merit
(6.173 x 10° Q' cm™"). The optical bandgaps of thin
films were evaluated by extrapolation method and observed
to increase firstly and then decrease with the increment of
rf power. Furthermore, the optical parameters including
refractive index, extinction coefficient, dielectric constant
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and dissipation factor of the thin films were determined by
the pointwise unconstrained optimization method. The
dispersion behaviour of refractive index was also analyzed
using the Wemple—-DiDomenico single-oscillator theory.

1 Introduction

Zinc oxide (ZnO) is a II-VI group semiconductor material
with wide direct bandgap and wurtzite structure. The high
stability, melting point and excitation energy make it a
promising ultraviolet and blue optoelectronic material. In
addition, the ZnO-based semiconductor thin films offer a
wide range of applications in a variety of optoelectronic
devices such as solar cells [1-3], light-emitting diodes
(LEDs) [4-6], thin films transistors (TFTs) [7, 8], flat panel
displays (FPDs) [9, 10], touch screens [11], gas sensors
[12-14] and resistive switching [15]. A transparent con-
ductive electrode is a necessary component of LEDs and
solar cells. Usually, it consists of a transparent conducting
oxide (TCO) thin film and a glass substrate. The most
important commercial material for TCOs nowadays is tin-
doped indium oxide (ITO), owing to its outstanding char-
acteristics of high optical transmittance, low electrical
resistivity, high infrared reflectance and absorbance in the
microwave region. However, ITO is likely to become
unavailable because the fast-growing semiconductor
industries are faced with the scarcity of indium (In)
resources and toxicity in the atmosphere. In view of the
depletion of ITO, the ZnO-based TCOs will be emerging as
an alternative transparent electrode. Recently, much
attention has been paid to the codoping process in which
the two elements are doped into ZnO simultaneously,
because the codoped ZnO thin films are expected to show
some improvements in optical and electrical performance
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of TCOs. Suzuki et al. [16] proposed that codoping method
had the advantage to improve the properties of aluminum-
doped ZnO thin film. They prepared the vanadium-alu-
minum codoped ZnO thin films by direct current (dc)
magnetron sputtering to enhance the corrosion-resistance
of the TCO thin films. Kirby and Van Dover [17] deposited
the indium—aluminum codoped ZnO thin films using off-
axis reactive radio frequency (rf) sputtering and obtained
improved electrical properties with no degradation in
optical transmittance. Suresh et al. [18] prepared the
indium—gallium codoped ZnO thin films by pulsed laser
deposition and achieved improved surface morphology
with enhanced optoelectrical properties. Up to now, the
aluminum—titanium [19], magnesium—aluminum [20],
boron—gallium [21], lithium—magnesium [22], aluminum—
gallium [23] and magnesium—gallium [24] codoping cases
have also been reported. However, there have been few
reports on titanium—gallium codoped ZnO (TiGa—ZnO)
thin films.

For the preparation of doped ZnO thin films, there are
many deposition techniques currently in use, for example,
rf magnetron sputtering [25-28], dc magnetron sputtering
[29, 30], hydrothermal process [31], molecular beam epi-
taxy [32], reactive plasma deposition [33] and pulsed laser
ablation [34]. Among the deposition techniques, conven-
tional rf magnetron sputtering has some advantages in
comparison with the other methods. This technique is quite
simple and the required setup is less expensive, and it is
considered to be the most available deposition method to
obtain highly uniform films with high packing density and
strong adhesion at a high deposition rate [35].

In this present work, transparent conducting TiGa—ZnO
thin films were deposited on glass substrates by rf mag-
netron sputtering technique. The effects of rf power on the
grain-growth orientation, microstructure, electrical and
optical properties of the thin films were investigated by
X-ray diffractometer, UV-visible spectrophotometer and
Hall effect measurement system.

2 Experimental procedure

The commercial plane glass (CSG Holding Co. Ltd) was
cut into 50 mm x 50 mm plates and used as substrates in
this experiment. Prior to their use, the glass substrates were
successively washed in an ultrasonic bath of acetone,
alcohol and deionized water, each for 15 min, and then
dried in a high-purity (99.999 % in purity) nitrogen gas jet.

The TiGa—ZnO thin films were deposited on the cleaned
glass substrates by using 13.56 MHz rf magnetron sput-
tering (MS-560C). A sintered ceramic target (1 wt% TiO,:
2 wt% Gay03: 97 wt% ZnO, 4 N purity) was employed as
source material. The sputtering chamber was evacuated to
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a base pressure below 5.4 x 107* Pa before argon gas.
After vacuum pumping, the sputtering argon gas with a
purity of 99.999 % was introduced into the chamber and
controlled by the standard mass flow controllers (MFCs).
The MFCs have accuracy of 1 % of the maximum value
(50 sccm). Before the TiGa—ZnO thin films deposition,
pre-sputtering was conducted for about 12 min to attain
stability and to remove impurities. The deposition param-
eters for preparing TiGa—ZnO thin films were as follows:
the target-substrate distance, 70 mm; the substrate tem-
perature, 570 K; the argon gas flow rate, 30 sccm; and the
argon gas pressure, 0.5 Pa. In order to study the influence
of rf power on the structure and properties of thin films, the
rf power (P,s) was varied from 140 to 215 W.

The crystallographic and phase structure of the depos-
ited samples were characterized by X-ray diffraction
(XRD). A D8-Advance diffractometer with Cu Ka source
(A = 0.15406 nm) and Ni filter was used for the XRD
measurements. The power of XRD was 1200 W and the
scan was preformed from 20° to 80° at a speed of
1.872° min~', with a step size of 0.0164°. The crystallite
phase was determined with the data of joint committee on
powder diffraction standards (JCPDS). The thickness was
measured by a surface profiler (Alpha-step 500). The
electrical properties of the samples were characterized by a
Hall effect measurement system (RH-2035) using the Van
der Pauw configuration. The optical transmission spectra
were recorded with a double-beam UV-visible spec-
trophotometer (TU-1901), and the optical constants of
samples were determined from the transmission spectra
using the pointwise unconstrained optimization method
[36, 37]. All measurements were carried out in ambient air
at room temperature.

3 Results and discussion

Figure 1 shows the XRD patterns (0-20) of the TiGa—ZnO
samples deposited on glass substrates at different rf powers
P.¢. These XRD peaks are assigned to ZnO according to the
JCPDS data File No. 36-1451 (ZnO). All the samples
exhibit a dominant (002) peak with slight (100) and (004)
peaks in the displayed 26 region, indicating that the
obtained thin films have a preferred orientation with the c-
axis perpendicular to the substrate surface, regardless of the
rf power. No extra phases related with titanium, gallium
and zinc compound were detected 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 is much stronger than the others.
Corresponding to the rf power of 140, 165, 190 and 215 W,
the intensity of (002) peak (/o2)) are observed to be about
6.19 x 10°, 1.40 x 10° 1.92 x 10° and 1.19 x 10° cps
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Fig. 1 XRD patterns of the thin films deposited at different rf
powers. The insets show the variation of /o2y and P ) as a function
of rf power for the thin films

respectively, as shown in the inset of Fig. 1. Clearly, the
intensity of (002) peak rises initially and then falls with the
increase of rf power. The TiGa—ZnO thin film prepared at
the rf power of 190 W has the maximum intensity of (002)
peak. According to the literature, the relative intensity of
(002) peak can characterize the degree of texture of ZnO-
based thin film with its c-axis perpendicular to substrate
which will enhance the charge transport [38]. The degree
of preferred (002) orientation of the thin films can be
defined with the orientation factor Poz) [39]:

T o)
Prony =
(002) = 5 Ty’

where the subscript £, k and [ are Miller indices, /o2, is the
intensity of (002) peak, and X[pyy is the sum of the
intensities of all the diffraction peaks. The value of Py, is
unity for a perfectly (002) oriented thin film [40]. The
variation of orientation factor P, with rf power for the
deposited thin films is presented in the inset of Fig. 1. As
can be seen, all the deposited thin films exhibit (002) as the
preferred orientation. This (002) preferred orientation is
due to the fact that the most densely packed (002) plane in
wurtzite ZnO has the lowest surface free energy [41]. With
increasing the rf power from 145 to 190 W, the Py
increases continuously, indicating that the crystal quality of
the TiGa—ZnO thin films appears to become better. How-
ever, with further increase from 190 to 215 W, the Py
decreases slightly and the crystal quality deteriorates. The
maximal Py of 0.9937 is obtained when the rf power is
190 W. The results indicate that the TiGa—ZnO thin films
deposited at the rf power of 190 W possesses the best
crystallite quality.

(1)

P, (W)

Fig. 2 The values of B, D, and ¢ for the thin films deposited at
different rf powers

Figure 2a presents the full-width at half-maximum
(FWHM, B) of (002) peak for the TiGa—ZnO samples
deposited on glass substrates at different rf powers Py
Note that the B decreases significantly with rf power up to
190 W, and then it increases slightly above 190 W. The
decrease of the B indicates the increase of grain size of the
deposited thin films. The mean grain size (D,,) can be
estimated according to the Debye—Scherrer formula [42]:

K2

D = B 7180) cos(n0/180) " @)

where K is the shape factor equal to 0.90, 4 is the wave-
length of incident X-rays, B is the FWHM measured in
degrees and 0 is the Bragg’s diffraction angle at peak
position in degrees. The lattice strain (¢) was evaluated
using the following equation [43, 44]:
&sin(n0/180) + Bcos(nf/180) = Di’ (3)
The mean grain size D,, and lattice strain ¢ for the
TiGa-ZnO samples deposited at different rf powers P
were calculated, and the results are plotted in Fig. 2b, c,
respectively. Note from Fig. 2b that the D,, values are
found to be about 58.2, 78.9, 83.1 and 72.4 nm for the
TiGa—ZnO samples deposited at the rf power of 140, 165,
190 and 215 W respectively. The D,, increases first and
subsequently decreases with the increment of rf power. The
increase in grain size is attributed to the improvement of
the TiGa—ZnO film crystallinity by the coalescence of
small crystallites. From Fig. 2c, the tendency in the change
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of the lattice strain ¢ is observed to be opposed to the mean
grani size Dy,. The ¢ values in the range of 6.287 x 10~*-
8.999 x 10" are observed with the variation of rf power
from 140 to 215 W, and the lowest & value of
6.287 x 10~ is obtained at the rf power of 190 W. The
decrease in ¢ can be attributed to the improvement of
crystallinity and the increase of grain size. It is obvious that
the TiGa—ZnO sample deposited at the rf power of 190 W
possesses the best crystalline quality, with the narrowest
B of 0.1002°, the largest D,,, of 83.1 nm and the minimum &
of 6.287 x 10~*. The results suggest that the crystal
quality of the TiGa—ZnO thin films is strongly dependent
upon the rf power.

Figure 3 shows the electrical resistivity (p), carrier
concentration (n.) and Hall mobility (¢) of the TiGa—ZnO
samples deposited on glass substrates at different rf powers
P. As the rf power increases from 140 to 190 W, both
carrier concentration and Hall mobility increase, which
leads to the decrease of electrical resistivity of the depos-
ited thin films. When the rf power is 190 W, the deposited
thin film exhibits the lowest electrical resistivity of
9.68 x 107* Q cm, along with the maximum carrier con-
centration and the highest Hall mobility of
339 x 10 cm™ and 18.98 cm? V™! 57!, respectively.
With further increasing the rf power over 190 W, however,
the carrier concentration and Hall mobility begin to
decrease, thus the electrical resistivity increases accord-
ingly. This behaviour can be explained as follows. The
sputtered species has low surface mobility on the substrate
at low rf power, which results in degraded crystallinity and
few Ti, Ga substitution, thus the deposited thin film has low
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Fig. 3 The values of p, n. and p for the thin films deposited at
different rf powers
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Hall mobility and carrier concentration. With the increas-
ing rf power, the species kinetic energy increases, which
improves the thin film crystallinity and Ti, Ga substitution.
At the 1f power of 190 W, the Hall mobility and carrier
concentration reaches the maximum value. As the rf power
further increases, due to the large mobile energies of the
sputtered species, some species will be rebounded when
colliding with the substrate, leading to the degradation of
the film crystallinity, so carrier concentration and Hall
mobility decrease, finally resulting in the decrease of
electrical resistivity of the TiGa—ZnO thin films.
Figure 4 displays the transmittance (7)) spectra at normal
incidence for the TiGa—ZnO samples deposited on glass
substrates (TiGa—ZnO/substrate) at different rf powers P,¢.
All the transmission spectra show interference pattern with
sharp fall of transmittance at the band edge, which is an
indication of good crystallinity. Because the reference used
during optical measurements was air, the transmittance
spectrum of uncoated glass substrate was also measured for
a comparison (see Fig. 4). The average transmittance (7,,)
of the deposited thin films in the visible range has been
calculated from the spectrum of the TiGa—ZnO-coated
samples by subtracting that of the corresponding substrate,
and the results are plotted in the inset in Fig. 4 as a function
of rf power P,s. The T,, increases with the increment of rf
power from 140 to 190 W, and then significantly decreases
when the rf power is over 190 W. The maximal T,, of
84.62 % 1is obtained at the rf power of 190 W. This
enhancement in the optical transmittance is closely related
to the improvement of crystallinity and the increase of
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Fig. 4 Optical transmission spectra of the thin films deposited on
glass substrates at different rf powers
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grain size for the deposited thin films. Near the absorption
edge or in the strong absorption zone of the transmission
spectra, the absorption coefficient (x) is related to the
optical bandgap (E,) following the power-law behaviour of
Tauc [45, 46]:

(hv)*= By (hv — Ey), (4)

where & is the Planck constant, v is the frequency of the
incident photon, and By is an energy-independent constant.
The optical bandgap of the thin films can be calculated
from the intercept of (ochv)2 versus hv (the Tauc plot) for
direct transitions [47, 48]. Figure 5 displays the Tauc plots
of (athv)? versus hv for all the samples. Better linearity for
the Tauc plot was observed and the optical bandgap was
determined by extrapolating the linear absorption edge part
of the curve using Eq. (4). The dependence of optical
bandgap on rf power is shown in the inset in Fig. 5. The E,
increases with rf power up to 190 W from about 3.374 to
3.503 eV. Then it decreases to 3.495 eV at rf power of
215 W. Clearly, these results are larger than that of
undoped ZnO (about 3.270 eV). The widening of optical
bandgap may be attributed to Moss—Burstein shift effect
[49, 50]. This effect is due to that the conduction band
filling in highly degenerate semiconductor makes the Fermi
level exceed the conduction band minimum. Similar results
for the doped ZnO thin films have been reported in the
literature [51-54].

In order to evaluate the quality of the deposited TCO
thin films, the figure of merit (Frc) is given by the fol-
lowing formula [55, 56]:
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Fig. 5 The (ahv)> — hv plots for the thin films deposited at different
rf powers

1
~ pIn(1/Tw)’

where p is the electrical resistivity, and T, is the average
transmittance in the visible range. Figure 6 shows the
variation of the figure of merit Frc versus the rf power P
for the deposited TiGa-ZnO samples. As the rf power
increases, the Fpc first increases and then decreases and
reaches its maximum value of 6.173 x 10> Q™' ecm™! at
the rf power of 190 W. The increase in figure of merit with
rf power was due to decrease in the electrical resistivity and
increase in optical transmittance. It is known that the
higher the Frc, the better quality of the TCO thin film.
Thus, in this study, it can be concluded that the optimum rf
power is 190 W, where the figure of merit is the highest.
From the measured transmittance spectra, the refractive
index (n) and extinction coefficient (k) of the deposited thin
films were determined using the pointwise unconstrained
optimization method [36, 37]. Figure 7 shows the fitting
curves of transmittance (Tg,) for the TiGa—ZnO samples
deposited on glass substrates at different rf powers P,¢. It is
obvious from Fig. 7 that the fitting results are in satisfac-
tory agreement with the measured data (7.y,). Figure 8a, b
display the n and k values of all the deposited thin films at
different 1f powers P,y., respectively. The n decreases with
the increase of wavelength (A), indicating that the depos-
ited thin films possess the normal dispersion characteristics
in the visible region. Meanwhile, the n is closely related to
the rf power. For the TiGa—ZnO samples prepared at the rf
power of 140, 165, 190 and 215 W, the n values are 2.144,
2.197, 2.138 and 2.166, respectively, when the wavelength
A = 545 nm. From Fig. 8b, the k is observed to be very
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Fig. 6 Figure of merit for the thin films deposited at different rf
powers
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small in the visible region, which indicates that the TiGa—
ZnO thin films are almost transparent in the visible region.
At the wavelength 2 = 535 nm, for the TiGa—ZnO samples
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Fig. 7 Fitting curves of transmittance for the thin films deposited on
glass substrates at different rf powers
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Fig. 8 The values of n and k for the thin films deposited at different
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deposited at the rf power of 140, 165, 190 and 215 W, the
k values are 1.271 x 1077, 1.810 x 107>, 6.927 x 107
and 2.586 x 107°, and the corresponding values of
absorption coefficient o determined by the formula
o = 4mk/l. [57, 58] are 2985 x 10%, 4.251 x 10,
1.627 x 10> and 6.074 x 10* m™!, respectively. The
results in our work are consistent with that of the previous
researches. Al-Hardan et al. [59] reported that the n values
of undoped ZnO thin films were 1.94-2.20 obtained by the
envelope method, and the n was about 1.97-2.08 measured
by spectroscopic ellipsometry obtained by Hwang et al.
[60] for gallium-doped ZnO thin films.

The refractive index dispersion of the deposited thin
films was evaluated according to the Wemple-DiDome-
nico (W-D) single-oscillator model. It is well known from
the dispersion theory that the refractive index n(l) of the
thin films in the region of low absorption can be expressed
by the following relationship [61, 62]:

1 1 1

= — + s
n()y =1 St SoA2

(6)

where S, is the average oscillator strength, and A, is the
average oscillator position. Figure 9 shows the curves of 1/
(n*—1)—1/)? for the TiGa—ZnO samples deposited on glass
substrates at different rf powers P,;. The data can be fitted
into the straight lines, which indicates that the W-D single-
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oscillator model is applicable to the TiGa—ZnO thin films
in the present work.

The frequency dispersion of complex dielectric constant
(¢) characterizes completely the propagation, reflection and
loss of light in multilayer structures. It provides us with
information about the electronic structure of the material.
Therefore, the complex dielectric constant ¢ is an important
quantity for the design of highly efficient optoelectronic
devices. The real part of complex dielectric constant is
associated with the term that describes how much the
material will slow down the speed of light, and the imag-
inary part explains how a dielectric absorbs energy from an
electric field due to the dipole motion. The real (¢;) and
imaginary (g) parts of the complex dielectric constant
(e = ¢ — ig;) are related to the n and k values. The values
of & and ¢ can be determined by the following formulae
[63]:

& =n(2)? — k(A% & = 2n(Dk(A), (7)

Figure 10 shows the ¢, and ¢ values dependence of
wavelength A for the TiGa—ZnO samples deposited on glass
substrates at different rf powers P, It is clear that the
variation of ¢. follows the same trend as n, whereas the
variation of ¢; mainly follows the behavior of k. Both ¢, and
& gradually decrease with increasing wavelength /A, and for
a given wavelength 4, the ¢, values are higher than the ¢; for
all the deposited thin films. For the TiGa—ZnO samples
deposited at the rf power of 140, 165, 190 and 215 W, the ¢
are 4.587-10.00474, 4.824-10.00681, 4.567-10.000258 and
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Fig. 10 The values of ¢, and ¢; for the thin films deposited at different
rf powers

4.687-10.00939
A =550 nm.

In physics, the dissipation factor (tand) is a measure of
loss-rate of power of a mechanical mode, such as an
oscillation, in a dissipative system. For example, electric
power is lost in all dielectric materials, usually in the form
of heat. The dissipation factor tand can be calculated
according to the following formula [63]:

respectively, when the wavelength

&

tan d = o (8)

Figure 11 gives the dependence of tand on wavelength A
for the TiGa—ZnO samples deposited on glass substrates at
different rf powers P,. As can be seen, the variation of tand
follows the same trend as k and the tand value decreases
monotonically with the increment of wavelength A. The
tand values are observed to be 5.327 x 1073,
6.060 x 107%, 4.437 x 107 and 7.212 x 10~ for the
TiGa—ZnO thin films deposited at the rf power of 140, 165,
190 and 215 W, respectively at wavelength 4 = 445 nm.

The absorption coefficient o can be used to calculate the
optical conductivity (gop) as follows [63]:

nc
Oopt = EO(, (9)

where ¢ is the velocity of light, and n is the refractive
index. Figure 12 shows the variation of optical conduc-
tivity o,p as a function of photon energy hv for the TiGa—
ZnO samples deposited on glass substrates at different rf
powers Py It is found that the optical conductivity
increases with increasing the photon energy. The increase
of optical conductivity o, at high photon energies is due
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Fig. 11 The tano values of the thin films deposited at different rf
powers
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to the high absorbance of TiGa—ZnO thin films and also
may be due to the electron excited by photon energy
[64, 65]. When the photon energy hv is 3.10 eV
(/4 = 401.0 nm), the o, values are observed to be in the
range of 2.654 x 10°-3.565 x 10" s™' with the varia-
tion of the rf power from 140 to 215 W, and the maximum
Oopt value of 3.565 x 10" 57! is obtained at the rf power
of 140 W. The result suggests that the rf power slightly
affects the optical conductivity of the TiGa—ZnO thin films.

4 Conclusions

In summary, transparent conducting TiGa—ZnO thin films
were deposited by rf magnetron sputtering technique. The
rf power dependence of the structural, electrical and optical
properties for the deposited thin films was investigated by
XRD, spectrophotometer, Hall effect measurement system
and optical characterization methods. It is observed that the
deposited thin films are polycrystalline and have preferred
orientation along (002) direction. The crystal quality,
structural and optoelectronic properties of the thin films are
closely related to the rf power. As the rf power increases,
the orientation factor of (002) plane, mean grain size,
average visible transmittance, Hall mobility, carrier con-
centration and figure of merit are observed to increase
initially and subsequently decrease, whereas the FWHM,
lattice strain and electrical resistivity decrease firstly and
then increase. The TiGa—ZnO thin film deposited at the rf
power of 190 W exhibits the best crystal quality and

@ Springer

optoelectronic properties, with the largest mean grain size
of 83.1 nm, the minimum lattice strain of 6.287 x 1074,
the highest average visible transmittance of 84.62 %, the
lowest electrical resistivity of 9.68 x 10™* Q cm and the
maximum figure of merit of 6.173 x 10* Q™' cm™'. The
complex refractive index, complex dielectric constant,
dissipation factor and optical conductivity of the deposited
thin films were determined by optical characterization
methods, and the dispersion behaviour of refractive index
was studied by the W-D single-oscillator theory. It is found
that the refractive index dispersion curves of thin films
obey the W-D single-oscillator model. In addition, the
optical bandgaps of the thin films were evaluated by means
of the Tauc plots. The results show that the optical band-
gaps are in the range of 3.374-3.503 eV, larger than that of
undoped ZnO due to Burstein—Moss shift effect.
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