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A compound of ZnO with 3wt% Ga
2
O
3
(ZnO :Ga

2
O
3
= 97 : 3 in wt%, GZO) was sintered at 1400∘C as a target. The GZO thin

films were deposited on glass using a radio frequency magnetron sputtering system at 300∘C by changing the deposition power
from 50W to 150W.The effects of deposition power on the crystallization size, lattice constant (c), resistivity, carrier concentration,
carriermobility, and optical transmission rate of the GZO thin filmswere studied.The blue shift in the transmission spectrum of the
GZO thin films was found to change with the variations of the carrier concentration because of the Burstein-Moss shifting effect.
The variations in the optical band gap (𝐸

𝑔
) value of the GZO thin films were evaluated from the plots of (𝛼ℎ]) = 𝑐(ℎ] − 𝐸

𝐺
)
1/2 ,

revealing that the measured 𝐸
𝑔
value decreased with increasing deposition power. As compared with the results deposited at room

temperature by Gong et al., (2010) the 300∘C deposited GZO thin films had apparent blue shift in the transmission spectrum and
larger 𝐸

𝑔
value. For the deposited GZO thin films, both the carrier concentration andmobility linearly decreased and the resistivity

linearly increased with increasing deposition power. The prepared GZO thin films were also used as transparent electrodes to
fabricate the amorphous silicon thin-film solar cells, and their properties were also measured.

1. Introduction

Tin-doped indium oxide (ITO) thin films are widely used
as a transparent conducting oxide (TCO) electrode in opto-
electronic devices, because the thin films have very low
resistivity and high transmittance in the visible region. The
radio frequency (RF 13.56MHz)magnetron sputtering under
different oxygen concentrations and deposition pressures was
a good method to exhibit the good electrooptical charac-
teristics of large area ITO thin films [1]. However, the price
of indium is getting increased due to the high demand of
ITO in the rapid development of flat panel displays (FPDs)
industry. In addition, the toxic nature and high cost due
to the scarcity of indium have led researchers to seek an
alternative candidate for ITO. Zinc oxide (ZnO) is a novel II–
VI compound n-type oxide semiconductor with a wurtzite
crystal structure and with various electrical, optical, acoustic,

and chemical properties because of its wide direct band
gap (𝐸

𝑔
) value of 3.37 eV at room temperature (RT) [2].

Because of the good properties of thin films, n-type doped
ZnO thin films could be used as a transparent electrode in
optoelectronic applications such as solar cells and position
sensitive detectors, and undoped ZnO thin films could be
used as the active layer of transparent thin films transistor
[3]. Alternatively, In

2
O
3
-doped ZnO [4], Al

2
O
3
-doped ZnO

[5], and Ga
2
O
3
-doped ZnO [6–8] are also regarded as the

ideal candidates for replacing ITO as TCO electrodes owing
to their promising optical and electrical properties as well
as their low cost, nontoxicity, and long-term environmental
stability.

Many researchers have reported about the Ga
2
O
3
-doped

ZnO thin films according to a different doping concentration
of Ga
2
O
3
[9]. The highly conductive and transparent Ga

2
O
3
-

doped ZnO thin films had been coated at high growth
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rates by radio frequency magnetron sputtering [10]. The thin
films processed at room temperature on soda lime glass
substrates using a ceramic Ga

2
O
3
-doped ZnO target and a

low resistivity of 2.6×10−4Ω cmwere obtained [11]. However,
there is a still controversy about optimized deposition power
for the Ga

2
O
3
-doped ZnO thin films. In the present paper, a

compound of ZnO with 3wt% Ga
2
O
3
(ZnO :Ga

2
O
3
= 97 : 3

in wt%, GZO) was prepared by solid-state reaction method.
RF magnetron sputtering was developed in order to study
the effects of different deposition powers on the physical and
electrical properties of the GZO thin films. For that, the GZO
thin films were deposited on glass substrates at 300∘C by
changing deposition power from 50W to 150W. We would
show that the deposition power played an important role
in nucleation, relatively diffraction intensity of orientations,
lattice constant, strain, crystalline size, and optical 𝐸

𝑔
value

of the GZO thin films. In the past, GZO thin films were
used as the electrodes of the small area solar cells, produced
in a modified single chamber reactor, and the fabricated
solar cells exhibited very good electrical characteristics with
a conversion efficiency exceeding 9% [12]. For that, the GZO
thin films deposited under different deposition powers were
also used as the transparent electrodes of the 𝛼-Si thin-
film solar cells, and the current-voltage characteristics were
measured to determine the effects that the deposition power
of the GZO thin films had on the fabricated 𝛼-Si solar cells.

2. Experimental

ZnO (99.999% purity) and Ga
2
O
3
(99.99% purity) powders

were mixed with the formula of ZnO :Ga
2
O
3
= 97 : 3 in wt%

(GZO) and then ball milled for 5 h in deionized water. After
being dried and ground, GZO powder was calcined at 1000∘C
for 2 h then ground again and mixed with polyvinyl alcohol
(PVA) as a binder. The powder was uniaxially pressed into
pellets of 3mm thickness and 52mm diameter using a steel
die. After debindering, the pressed targets were sintered at
different temperatures. We had found that at 1400∘C was the
optimal temperature to prepare the ceramic targets because
the GZO ceramics sintered 1400∘C had the densified and
crystallization structure. The GZO thin films were deposited
on 33mm × 33mm × 2mm Corning 1737 glass substrates
using an RF sputtering system. Before the deposition process
was started, the base chamber pressure was pumped to 5 ×
10−6 Torr (detected by using MKS Baratron gauge) and the
substrate temperature was kept at 300∘C, then the deposition
pressure was controlled at 5 × 10−3 Torr. During the depo-
sition process, only argon was introduced in the chamber,
the flow rate of pure argon (99.999%) was 20 sccm, and
the GZO thin films were deposited at different deposition
powers (50W∼150W). Film thickness was measured and
surface morphology was observed by field emission scanning
electron microscopy (FESEM), and the deposition rate was
calculated from the measured thickness. By controlling the
deposition time, a thickness of about 330 nmwas attained for
all GZO thin films.While the crystalline structure of theGZO
thin films was identified by X-ray diffraction (XRD) patterns,
the electrical resistivity was measured using a four-point
probe, and the Hall-effect coefficient was measured using
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Figure 1: XRD patterns of the GZO thin films as a function of depo-
sition power.

a Bio-Rad Hall setup.The optical transmission spectrum was
recorded using a Hitachi U-3300 UV-Vis spectrophotometer
in the 300–800 nm wavelength range. The current-voltage
characteristic of the fabricated solar cells wasmeasured under
an illumination intensity of 300mW/cm2 and an AM 1.5G
spectrum.

3. Results and Discussion

XRD patterns of the GZO thin films as a function of depo-
sition power were shown in Figure 1, and all the GZO thin
films exhibited the (002) peak. The (002) peaks of the GZO
thin films prepared with deposition power = 50W, 100W,
and 150W were situated at 2𝜃 = 34.18∘, 34.11∘, and 34.04∘,
respectively. The lattice constant 𝑐 was calculated by using
the 2𝜃 value and the results were shown in Figure 2. The
calculated lattice constant (𝑐) was 0.5243, 0.5253, and 0.5262
for deposition power = 50W, 100W, and 150W, respectively.
All the lattice constants 𝑐 of the GZO thin films in Figure 2
being smaller than that of the ZnO thin films are consider-
able, because the radius of Ga3+ ions (62 pm) are smaller than
that of Zn2+ ions (72 pm).

As Figure 2 shows, the full width at half maximum
(FWHM) values for the (002) peak of the GZO thin films is
0.389, 0.481, and 0.628 for deposition power = 50W, 100W,
and 150W, respectively. The relative diffraction intensity of
(002) peak decreased as the deposition power increased, as
indicated by the XRD patterns shown in Figure 1. These
results suggest that GZO thin films deposited at lower power
have the better crystalline structure. This is because larger
deposition power is used to deposit the GZO thin films, GZO
particles can have larger active energy, and the resputtering
effect increased. For that, the number of thin film defects
increases and the crystallization of the GZO thin films is
inhibited, and then their crystallization of the GZO thin films
is degenerated and the FWHM value increases. However, the
variations of crystallization sizes are dependent on deposition
power and are not easily calculated from the surface obser-
vation. We will illustrate the variations of grain sizes from
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Figure 2: FWHM value and crystalline size of the GZO thin films
as a function of deposition power.

the XRD patterns and (1) [13], and the results are also shown
in Figure 2.

𝐷 =
(0.9𝜆)

(𝛽 cos 𝜃)
. (1)

As Figure 2 shows, the crystallization size decreased with
increasing deposition power. This is caused by the fact that
as the deposition power increases, the deposition rate of the
GZO thin films increases, and the chance for growth of the
GZO crystallization size decreases.

Thin films always induce the internal stress, which might
bemisleading in determining the lattice parameters from one
reflection when the thin films are under stress.Wewould also
show that the deposition power has large influence on the
strain of theGZO thin films.The relationships between lattice
strain (𝜂) and full width at FWHM (𝛽) value can be expressed
as (2) [14]

𝛽 cos 𝜃
𝜆

=
2𝜂 sin 𝜃
𝜆

+
1

𝑑
, (2)

where 𝜃 is a Bragg’s angle, 𝜆 is wavelength of X-ray, and 𝑑
is crystallization size. For a XRD profile with more than 2
diffraction peaks, the 2𝜂 and 1/d could be separately obtained
by calculating the slope and intercept of profile of sin 𝜃/𝜆
versus 𝛽 cos 𝜃/𝜆. As Figure 3 shows, the lattice constant
(c) linearly increased with increasing deposition power. The
strain revealed a minimum value at RF deposition power =
50W and then linearly increased as the deposition power
increased. The phenomena are believed to be caused by the
variations of mainly crystalline orientations, as shown in
Figure 1.

In the past, determination of the optical 𝐸
𝑔
value was

often necessary to develop the electronic band structure of
a thin-film material. However, using extrapolation methods,
the 𝐸
𝑔
value of the thin films can be determined from the

absorption edge for direct interband transition, which can be
calculated using (2) as

(𝛼ℎ]) = 𝑐(ℎ] − 𝐸
𝑔
)
1/2

, (3)
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Figure 3: Lattice constant (c) and strain of the GZO thin films as a
function of deposition power.

where 𝛼 is the optical absorption coefficient, c is the constant
for direct transition, h is Planck’s constant, and ] is the
frequency of the incident photon [15].

Figure 4(a) shows the transmission rate of the GZO thin
films, with deposition power as the parameter. The optical
transmission rates at 400–700 nm was more than 78% for all
the GZO thin films, regardless of deposition power. As the
deposition power increased, the optical band edgewas shifted
to a longer wavelength. Figure 4(b) plots (𝛼ℎ])2 against ℎ]
(energy) in accordance with (3), and the 𝐸

𝑔
values can be

found by extrapolating a straight line at (𝛼ℎ]) = 0. The
calculated 𝐸

𝑔
values of the GZO thin films as a function of

deposition power are also shown in Figure 4(b). The linear
dependence of (𝛼ℎ]) on ℎ] indicates that the GZO thin films
are direct transition-type semiconductors. As the deposition
power increased from 50W to 150W, the𝐸

𝑔
values decreased

from 3.83 eV to 3.76 eV and the absorption edge was at
around wavelength 370 nm (transmittance ratio over 60%).
As compared with the results deposited at room temperature
by Gong et al., the deposited GZO thin films had 𝐸

𝑔
values

changed from 3.42 eV to 3.50 eV [6] and had absorption edge
at around wavelength 400 nm. The 300∘C deposited GZO
thin films had larger 𝐸

𝑔
value and apparent blue-shift in

the transmission spectrum. In the past, the GZO thin films
were also deposited on the polyethylene naphthalate (PEN)
substrates by RF magnetron sputtering at room temperature
[16]. However, the FWHM values of the 300∘C deposited
GZO thin films developed in this study are smaller than those
of [16], suggesting that the 300∘C deposited GZO thin films
have the better crystallization.

Many factors will affect the transmission spectrum of the
GZO thin films. At first, the increase of the transmission
ration in the optical band is caused by the increase in carrier
density, as the GZO thin films have fewer defects. When
the deposition temperature in this study is 300∘C, the high
deposition power can cause the GZO thin films to have the
better crystallization.This is another reason to cause theGZO
thin films in this study to have the higher transmittance ratio
in the region of visible light. The results in Figure 4 suggest
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plots of the GZO thin films as a function of deposition power.

50 75 100 125 150
5

7.5

10

12.5

15

4

5

6

7

Resistivity
Mobility
Carrier concentration

9

10

11

12

13

14

RF power (W)

Re
sis

tiv
ity

 (
−
4

W
-c

m
)

Ca
rr

ie
r c

on
ce

nt
ra

tio
n 

(1
0
20

cm
−
3
)

M
ob

ili
ty

 (c
m

2
/V

 s)

Figure 5: Resistivity (𝜌), Hall mobility (𝜇), and carrier concentra-
tion (n) of the GZO thin films as a function of deposition power.

that the defects in theGZO thin films increasewith increasing
deposition power. However, the 𝐸

𝑔
value of Ga

2
O
3
is 4.9 eV

[17] and the 𝐸
𝑔
value of ZnO is about 3.37 eV. As Ga

2
O
3
is

added into the ZnO, the 𝐸
𝑔
values of the GZO thin films

higher than those of the ZnO thin films are expected.
Figure 5 shows the dependence of electrical properties

on deposition power of the GZO thin films. When plasma
molecules are deposited on a glass substrate, many defects
result and inhibit electron movement. As the different depo-
sition powers are used during the deposition process, two fac-
tors are believed to cause the decreased carriermobility of the
GZO thin films. First, the larger deposition power provides
more energy and thus enhances the motion of deposition

atoms, which would increase the number of defects in the
GZO thin films. Second, as the deposition power increases,
the density of the GZO thin films decreases because of the
increase in the defects, and that will cause the increase in
the inhibiting of the barriers electron transportation [18]. A
minimal resistivity of 7.71 × 10−4Ω cm is obtained at a depo-
sition power of 50W; meanwhile, the carrier concentration
has a maximum of 6.44 × 1020 cm−3 and the mobility has a
maximum of 6.44 cm2/V-s. The resistivity of the TCO thin
films is proportional to the reciprocal of the product of carrier
concentration𝑁 and mobility 𝜇

𝜌 =
1

𝑁𝑒𝜇
. (4)

Both the carrier concentration and the carrier mobility
contribute to the conductivity. As Figure 5 shows, both the
carrier concentration and carrier mobility of the GZO thin
filmsdecreased linearlywith increasing deposition power and
reached a minimum concentration and a minimum carrier
mobility at 150W. The minimum resistivity of the GZO thin
films at a deposition power of 50W is mainly caused by the
carrier concentration and mobility being at their maximum.

As the deposition power rose, the absorption edge of
the GZO thin films was blue shifted. This blue shift can be
explained by the Burstein-Moss shift, a shift of the Fermi
level into the conduction band, which enhances the optical
𝐸
𝑔
value by the energy, as follows [19, 20]:

Δ𝐸
BM
𝑔
=
ℎ
2
𝑘
2

𝐹

2
(
1

𝑚
𝑒

+
1

𝑚
ℎ

) =
ℎ
2
𝑘
2

𝐹

2𝑚
∗

]𝑐

, (5)

where 𝑘
𝐹
stands for the Fermi wave vector and is given by

𝑘
𝐹
= (3𝜋

2
𝑛
𝑒
)
1/3, 𝑚

𝑒
is the effective mass of electrons in
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Figure 6: Figure of merit (FOM) of GZO thin films as a function of
deposition power.
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the conduction band, and𝑚
ℎ
is the effective mass of holes in

the valence band, which can be simplified as𝑚∗]𝑐, the reduced
effective mass. Δ𝐸

𝑔
value can be rewritten by inducing 𝑘

𝐹
for

the carrier concentration 𝑛
𝑒
as

Δ𝐸
BM
𝑔
=

ℎ
2

2𝑚
∗

]𝑐

(3𝜋
2
𝑛
𝑒
)
2/3

. (6)

Equation (4) shows that the Burstein-Moss shift of the
absorption edge to the shorter wavelength region is due to
the increase in carrier concentration (𝑛

𝑒
); this is proven by

the result shown in Figure 6.When the wavelength is equal to
300 nm, the visible light absorbed by the thin films is due to a
quantumphenomenon called band edge absorption. Burstein
indicated that an increase of the Fermi level in the conduction
band of a degenerated semiconductor leads to the energy
band widening effect [9, 10].

For the application as transparent electrodes of solar cells,
the films must have high electrical conductance and high
optical transparency. A way for evaluating this compromise

Glass

Al Al Al

GZO 

n-𝛼-silicon
i-𝛼-silicon
p-𝛼-silicon

Figure 8: Structure of the superstrate p-i-n 𝛼-Si:H thin-film solar
cells.

is by means of figure of merit (FOM). FOM defined by
Haacke [21] is one of the important indexes for judging the
effectiveness of the deposited thin films. FOM is defined by

FOM =
𝑇
10

𝑅
𝑠

, (7)

where 𝑇 is the average visible transmittance and 𝑅
𝑆
is the

sheet resistance. Figure 7 exhibits the FOM of the GZO thin
films prepared as a function of deposition power. The FOM
value decreased with increasing deposition power and the
highest FOM value of 5.67 × 10−3Ω−1 was obtained at the
sputtering power of 50W. Those results prove that the 50W
is the optimal deposition power of the GZO thin films.

Superstrate p-i-n 𝛼-Si:H thin film solar cells were fab-
ricated using a single-chamber plasma-enhanced chemical
vapor deposition unit at 200∘C. Figure 8 shows the structure
of these solar cells, and no antireflective coatings were
deposited on those devices. Figure 9 shows the measured
current-voltage characteristics of the solar cells (substrate size
3.3 × 3.3 cm2) under illumination. Table 1 lists the values of
the open-circuit voltage (𝑉oc), short-circuit current density
(𝐽sc), fill factor (F.F.), and efficiency (𝜂) for the solar cells
using the developed GZO thin films as the front transparent
conductive thin films.The efficiency of the solar cells with the
GZO thin films increased from 2.83% to 3.38% as deposition
power decreased from 150W to 50W.Thegreater efficiency of
the 50WdepositedGZO thin films ismainly ascribable to the
fact that they have the larger 𝐸

𝑔
value, smaller strain, larger

FOM value, and smaller resistivity, and those will cause the
smaller short-circuit current density and larger open-circuit
voltage.

4. Conclusions

The full width at half maximum (FWHM) values for the
(002) peak of the GZO thin films were 0.389, 0.481, and
0.628 for deposition power = 50W, 100W, and 150W.
Because the 300∘C deposited GZO thin films had the better
crystallization, the transmittance ratios were higher than
other studies. Also, the strain revealed a minimum value at
deposition power = 50W and then linearly increased as the
deposition power increased. A minimal resistivity of 7.71 ×
10−4Ω cmwas obtained at a deposition power of 50W;mean-
while, the carrier concentration had a maximum of 6.44 ×
1020 cm−3 and the mobility had a maximum of 6.44 cm2/V-
s. As the deposition power increased from 50W to 150W,
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Figure 9: Current-voltage characteristics of the p-i-n 𝛼-Si:H thin-
film solar cells under illumination.

Table 1: Values of open-circuit voltage (𝑉oc), short-circuit current
density (𝐽sc), fill factor (F.F.), and efficiency (𝜂) for solar cells with
the different power-deposited GZO thin films.

Deposition power 𝑉oc (mV) 𝐽sc (mA/cm2) F.F. 𝜂 (%)
50W 868 7.86 0.508 3.38
100W 843 7.64 0.502 3.18
150W 838 6.95 0.465 2.83

the calculated 𝐸
𝑔
values decreased from 3.83 eV to 3.76 eV,

which were also higher than other studies. The GZO thin
films having the larger 𝐸

𝑔
values were expected because the

𝐸
𝑔
value of the Ga

2
O
3
thin films (4.9 eV) was larger than that

of the ZnO thin films (3.35 eV). When the GZO thin films
were used as the front transparent conductive thin films, the
efficiencies of the 𝛼-Si thin-film solar cells increased from
2.83% to 3.38%as the deposition power decreased from 150W
to 50W.

Acknowledgments

The financial support under Grants NSC 101-2221-E-005-065
and 99-2221-E-390-013-MY2 and the help of H.-T. Tzeng in
the experimental process.

References

[1] I. Baia, M. Quintelab, L. Mendesa, P. Nunesa, and R. Martins,
“Performances exhibited by large area ITO layers produced by
r.f. magnetron sputtering,”Thin Solid Films, vol. 337, no. 1-2, pp.
171–175, 1999.
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