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ABSTRACT

Gallium-doped ZnO (GZ0) semiconductor thin films were prepared by a sol-gel spin coating process.
The effects of Ga dopant concentrations on the microstructure, electrical resistivity, optical properties,
and photoluminescence (PL) were studied. XRD results showed that all the as-prepared GZO films had
a wurtzite phase and a preferred orientation along the [002] direction. ZnO thin films doped with Ga
had lower electrical resistivity, lower RMS roughness, and improved optical transmittance in the visible
region. The lowest average electrical resistivity value, 2.8 x 102 € cm, was achieved in the ZnO thin films
doped with 2% Ga, which exhibited an average transmittance of 91.5%. This study also found that the opti-
cal band gap of Ga-doped films was 3.25 eV, slightly higher than that of undoped samples(3.23 eV), and the
PL spectra of GZO films showed strong violet-light emission centers at about 2.86 eV (the corresponding
wavelength of which is about 434 nm).

X-ray photoelectron spectroscopy
Photoluminescence

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Transparent metal oxide thin films have been widely used in
optoelectronic devices (such as touch screens, flat panel displays,
and thin-film solar cells) because of the combination of excel-
lent electrical properties and high transparency [1-3]. Among
the varieties of films, zinc oxide (ZnO) based transparent con-
ducting/semiconducting thin films are attracting great attention
because they are promising candidates for transparent and flex-
ible electronics [4,5]. Polycrystalline ZnO-based semiconductor
thin films have higher carrier mobility, greater chemical stability,
and lower photosensitivity levels than conventional hydrogenated
amorphous silicon (a-Si:H) thin films. Therefore, they can replace
a-Si:H thin films as the active channel layers in TFTs to improve
electrical performance [6-10]. Recently, it has also been demon-
strated that they can be used in transparent memory [11,12].

Group III (B, Al, Ga, In, etc.) and group IV (Si, Ge, Sn, Ti, Zr, etc.)
elements have been used as effective donors to enhance the elec-
trical and optical properties of ZnO films [2,13-17]. Dopant atoms
incorporated into a ZnO crystal lattice replace Zn host atoms; how-
ever, such incorporation may induce lattice distortion and degrade
crystallinity. The ionic radius of Ga3* (0.62 A) is smaller than that
of Zn2* (0.74A), which allows easy substitution of Ga3* for Zn?*;
in addition, the covalent band length of Ga-0 (1.92A) is slightly
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shorter than that of Zn-0 (1.97 A), which reduces lattice distortion
inZnO thin films [8,18]. Therefore, of all the group-IIl elements con-
sidered for use as substitutional dopants in ZnO thin films, Ga could
be the best candidate because of its lower reactivity and greater
resistance to oxidation, the combination of which leads to greater
electronegativity than possible with other dopants [19,20].

Ga-doped ZnO thin films have been prepared with vacuum
deposition techniques such as RF magnetron sputtering [13,18,19],
pulsed laser deposition (PLD) [15,21], and metal-organic chemical
vapor deposition (MOCVD)[22], and with chemical solution deposi-
tion processes such as sol-gel process [8,16,20] and spray pyrolysis
[23,24]. The sol-gel method, a wet chemical process, is an alterna-
tive to vacuum deposition techniques that offers simplicity, cost
effectiveness, and a large-area thin-film coating.

Most previous studies have focused on the development of
GZO transparent conducting oxide (TCO) thin films for display
and solar cell applications. For example, Yamamoto et al. reported
the word’s first 20-inch liquid crystal display television (LCD-TV),
which had a GZO transparent electrode prepared on an RGB color
filter using dc magnetron sputtering [25]. Wong et al. grew GZO
thin films at room temperature by pulsed laser deposition [26].
Those films, which have excellent transparency and conductiv-
ity, can be used as electrodes in organic devices. However, few
studies have focused on the characteristics of sol-gel derived GZO
semiconductor thin films [8,27]. Therefore, it is worthwhile to
systematically study the properties of transparent GZO semicon-
ductor thin films for further application in transparent electronics.
In this study, the authors investigated the structural characteristics,
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Fig. 1. XRD patterns of ZnO thin films doped with different Ga concentrations.

electrical resistivity, optical properties, and photoluminescence of
GZO semiconductor thin films fabricated by sol-gel process.

2. Experimental procedures

The precursor solutions for spin coating were synthesized by dissolving zinc
acetate dihydrate (J.T. Baker, 99.2% purity) and gallium nitrate hydrate (Aldrich,
99.999% purity) in a 2-methoxyethanol (2-ME, Alfa Aesar, 99.0% purity) solvent, and
then a monoethanolamine (MEA, ].T. Baker, 99.7% purity) stabilizer was added to the
mixed solution [8]. The Ga dopant concentration ([Ga]/[Zn + Ga]) was varied from
0 to 5at.%. The concentration of metal ions in each solution was 0.25M, and the
molar ratio of MEA to metal ions was maintained at 1.0. Each solution was stirred
at 60°C for 2h, yielding clear, transparent solutions. The resulting solutions were
aged for 120 h at room temperature before application as coating solutions. The
glass substrates were cleaned in IPA (isopropyl alcohol) and ethanol for 10 min at
each step using an ultrasonic cleaning process. The ultrasonic cleaning process was
followed by a deionized (DI) water washing process, after which the glass was imme-
diately dried by being sprayed with nitrogen gas [20].All Ga-doped ZnO sol-gel films
were spin-coated onto pre-cleaned alkali-free OA-10 glass (Nippon Electric Glass Co.,
Ltd.) at a rotation speed of 1000 rpm for 30s. Each coated film was dried at 200°C
for 10 min. After the spin coating and drying procedures were repeated once, the
sol-gel films were annealed in ambient air at 500 °C for 2 h in a quartz tube furnace.
The crystal structure and crystallinity of the annealed Ga-doped ZnO (GZO) thin
films were determined by glancing angle X-ray diffraction (GAXRD). These diffrac-
tion patterns were examined with a Bruker D8 SSS X-ray diffractometer using CuKa
radiation (A=1.5406A) with a glancing incident angle of 0.8° and a step size of
0.02°/s. Plane-view and cross-sectional view micrographs of the GZO thin films were
acquired by field-emission scanning electron microscopy (FE-SEM, Hitachi S-4800).
The microstructure of the 2% Ga-doped ZnO thin film was characterized by trans-
mission electron microscopy (TEM, FEI Tecnai G2 F20). The surface morphologies
and surface roughness levels of the films were determined by tapping mode scan-
ning probe microscopy (SPM, Digital Instrument NS4/D3100CL/MultiMode) with a
scan area of 1 wm x 1 um. Electrical resistivity was determined from sheet resis-
tance and film thickness. The sheet resistance of each GZO thin film was measured
with a contact-type resistive meter (Mitsubishi Chemical Co. MCP-HT450). Trans-
mittance spectra of these films were recorded with a UV-vis spectrophotometer
(Hitachi U-2900). The composition and chemical bonds of undoped and Ga-doped
samples were determined by X-ray photoelectron spectroscopy (XPS, Thermo Sci-
entific K-Alpha). Before XPS measurement was performed, the surfaces of the films
were polished by Ar ion sputtering for 10s. A Jobin-Yvon Triax 550 monochro-
mator and a He-Cd laser (A=325nm) were used for photoluminescence (PL)
studies.

3. Results and discussion

Fig. 1 shows the XRD patterns of undoped and Ga-doped ZnO
thin films annealed at 500°C for 2 h. XRD results showed that all
as-prepared films were polycrystalline, with a hexagonal wurtzite
structure, and the XRD pattern of each sample indicated the

Table 1
The variation of the texture coefficient of GZO thin films with Ga dopant
concentration.

Ga dopant Texture coefficient (TC k)
concentra-
tion
(%)

(100) (002) (101) (102) (110) (103)
0 1.12 1.53 0.95 0.67 1.06 0.68
1 1.18 1.71 0.82 0.79 0.76 0.74
2 1.22 133 0.93 0.91 0.93 0.69
3 0.85 1.22 0.94 1.03 0.96 -
5 0.83 0.99 0.76 - 1.41 -

relatively higher diffraction intensity of the (101) plane. These
diffractographs also showed that the intensities of these diffraction
peaks tended to decrease with increasing Ga dopant concentra-
tions. The diffraction signals of the (102) and (103) planes were
very weak, with Ga dopant concentrations in excess of 3% (curves
(iv) and (v) in Fig. 1). These findings indicate at higher Ga doping
levels, the crystalline qualities of the ZnO thin films were degraded.
Nishino et al. reported that this degradation may be caused by
the influence of stresses arising from the difference in the ionic
radii of zinc and the dopant [28]. Moreover, the XRD patterns indi-
cated that the 5% Ga-doped ZnO thin films had a rather amorphous
nature.

The preferred growth orientation of polycrystalline thin films
can be understood from the texture coefficient TC(y, .y for all planes.
The texture coefficient of the (hkl) plane is calculated using the
following equation [23,29]:

Inien/Trnkny
TCh k) = (1)
(kb (/0> Inkn/Irhin]

where Iy is the XRD intensity obtained from the films, n is the
number of diffraction peaks considered, and I,y is the intensity of
the reference XRD patterns (JCPDS card 36-1451). Table 1 shows the
variation in texture coefficient of the series of GZO thin films with
Ga dopant concentration. The relatively higher values of texture
coefficient are along the (00 2) plane for all of the films. This indi-
cates that the GZO thin films had a preferential orientation along
the (002) plane.

Doping ZnO thin films with Ga increased the full widths at
half maximum (FWHMs) of the (100), (002), and (101) peaks,
indicating that Ga doping reduced the crystallite size of the GZO
thin films. The crystallite sizes of the films were estimated by
Scherrer’s formula. The average crystallite sizes of undoped and
1% Ga-doped ZnO thin films, for the three main diffraction peaks
of the (100), (002), and (101) planes, were 24.3 and 20.8 nm,
respectively. When the Ga dopant concentrations were increased
from 2 to 5%, the average crystallite sizes decreased from 18.2 to
12.2 nm. Fig. 2 distinctly shows that the average crystallite sizes of
GZO thin films decreased as dopant concentration increased. The
corresponding microstructure feature can also be observed in the
cross-sectional view SEM micrographs in Fig. 3. In that figure, the
cross-sectional SEM images show that the polycrystalline GZO thin
films had a nanoscale granular structure, and the average thickness
of the films was about 65 nm. The particle size of those films observ-
ably decreased with increases in Ga dopant concentration, which
was in agreement with XRD measurements. The Ga-doped ZnO thin
films exhibited particle sizes finer than those of undoped ZnO films
because the incorporation of Ga dopants into ZnO increased the
number of nucleation sites [27,30].

Each inset image in Fig. 3 is the plane view SEM micrograph of a
corresponding GZO thin film sample. The surfaces of the undoped
ZnO thin films showed irregular fiber-like and wrinkle-like stripes
(inset of Fig. 3(a)), indicating progressive dispersal as Ga dopant
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Fig. 2. Variation of average crystallite size and electrical resistivity of GZO thin films
with Ga concentration.

levels increased from 1 to 5%. The surfaces of 5% Ga-doped ZnO
thin films did not have that appearance, as can be seen from the
SEM micrograph of the surface of the film (inset of Fig. 3(e)). When
a synthesizing process for a ZnO sol induces a substantial loss of OR
(hydroxy or alkoxy) groups, surfaces of sol-gel derived ZnO thin
films tend to exhibit fiber-like stripes and wrinkles. Thus, a rela-
tively flat surface can be produced if the starting materials supply
enough OR groups [31].

Fig. 4 shows a plane-view TEM micrograph of the 2% Ga-doped
ZnO thin film, in which nanoscale particle sizes can be observed.
Moreover, the selected area electron diffraction (SAED) pattern
(inset of Fig. 4) shows discontinuous diffraction rings, which indi-
cate that the filmis nanocrystalline. TEM results are the aggregation
of XRD analysis and SEM observation.

The electrical resistivity of doped ZnO thin films is strongly
affected by the preparation processes, chemical compositions,
microstructures, and annealing atmosphere. The resistivity of each
GZO thin film was calculated by multiplying the sheet resistance
by the film thickness. Variations in the electrical resistivity of GZO
thin films with Ga concentrations are shown in Fig. 2. That figure
shows that Ga-doped films had lower average electrical resistivity
values than did undoped films, and that resistivity values decreased
with Ga dopant concentrations of up to 2% but increased with

Fig. 3. Cross-sectional SEM micrographs of GZO thin films: (a) undoped, (b) 1%, (c) 2%, (d) 3%, and (e) 5% Ga-doped samples. Each inset image is a plane view SEM micrograph

of the corresponding thin film sample.
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Fig. 4. Plane-view TEM micrograph of the 2% Ga-doped ZnO thin film. The inset
image is a SAED pattern of the corresponding thin film sample.

concentrations greater than that. That is, the 2% Ga-doped ZnO
thin films exhibited the lowest average resistivity, 2.8 x 102 Qcm,
among all of the annealed GZO thin films investigated in this study.
The decrease in resistivity of GZO thin films with Ga dopant concen-
trations of up to 2% was due to an increase in carrier concentration
attributed to the contribution of the dopant ions. However, the
resistivity of GZO thin films increased with dopant concentrations
higher than 2% because those films possessed a greater number of
grain boundaries due to the smaller grain size and degraded crys-
tallinity, which caused the carrier concentration to decrease due
to carrier traps at the grain boundaries and carrier scattering by
crystal defects.

Two SPM images of GZO thin films (taken from undoped and
5% Ga-doped samples) are shown in Fig. 5. The undoped sample
had an observable granular configuration, and many particles were
arranged into strips (Fig. 5(a)). However, the 5% Ga-doped thin film,
which did not have a strip-like configuration, exhibited a finer parti-
cle size than that of the undoped thin film (Fig. 5(b)). The significant
improvement in surface flatness of ZnO thin films doped with 5%
Gais notable. Fig. 6 shows that the RMS roughness of GZO thin films
decreased with Ga dopant concentrations of up to 5%. This decrease
indicates that the 5% Ga-doped samples had the smallest RMS value,
1.17 nm. It is widely believed that the RMS roughness levels of
metal oxide films are directly related to their average crystallite
sizes [32].

The optical transmittance spectra of undoped and Ga-doped
thin films in ultraviolet and visible ranges are shown in Fig. 7. All
transmittance spectra showed sharp absorption edges in the wave-
length region between 360 and 400 nm, and those absorption edges
shifted toward shorter wavelengths (blue shifted) when Ga was
incorporated into the ZnO films. Similar behavior was also observed
by Rao et al. for GZO transparent conducting thin films prepared
by spray pyrolysis technique [23]. The magnitudes of the shifts
increased in proportion to the amount of Ga. Furthermore, all Ga-
doped samples exhibited higher transparency than the undoped
ZnO sample (Fig. 7). The average transmittance values of GZO thin
films were calculated for wavelengths of 500-800 nm. GZO thin
films with Ga dopant levels over 2% exhibited average transmit-
tance values over 91%, and the 3% Ga-doped thin films had the best

a
nm
100

Fig. 5. SPM images of GZO thin films: (a) undoped and (b) 5% Ga-doped samples.

average transmittance, 92.1%. Lee et al. reported that the optical
properties of sol-gel derived ZnO films were mainly affected by
surface morphology [33]. The transmittance of the ZnO thin films
in the visible light region was also affected by film thickness, grain
size, and defects (such as nanopores and nanovoids). The transmit-
tance of the doped films with 5% Ga was lower than that of the 3%
Ga films (Fig. 7). That result may be due to degradation of film qual-
ity (curve (v) in Fig. 1) and increased numbers of nanopores in the
films (Fig. 3(e)) caused by the high Ga doping level.

The optical band gaps were obtained from the optical transmis-
sion spectra by plotting o2 versus hv and extrapolating the strain
lines portion of this plot to the photon energy axis (Fig. 7(b)). The
absorption coefficient (o) and photon energy (hv) can be related by
the following expression,

A(hv — Eg)™/?
a:% (2)

where m=1 for direct transition, m=4 for indirect transition, Eg is
the optical band gap, and A is a constant. The transitions in ZnO thin
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Fig. 6. Variation of RMS roughness and average transmittance of GZO thin films
with Ga concentration.
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films are direct in nature. The absorption coefficient (o) was calcu-
lated using «=(1/t)In[1/T], where t is the film thickness and T is
transmittance. The Eg value of undoped ZnO thin films was 3.23 eV,
which is the same as in our previous report [31], and the Eg value of
Ga-doped samples was 3.25 eV, slightly higher than that of undoped
samples. The optical band gap blue shift for doped ZnO thin films
is due to the increase in the density of carrier concentration, which
leads to broadening of the energy band [20,23]. Kalaivanan et al.
proposed that the broadening of the optical band gap could be
ascribed mainly to the increase in disordering of polycrystalline
semiconductor films, which leads to the appearance of localized
electron and hole states [34]. Such a transparent oxide semicon-
ductor (TOS) thin film could be applied as an active channel layer
in transparent thin film transistors (TTFTs).

XPS was used to identify the chemical bonding states and to
examine the relative atomic composition of chemical elements
in Ga-doped ZnO thin films. Fig. 8 shows XPS spectra taken from
the Ga, Zn, and O regions of undoped and Ga-doped samples. The
undoped ZnO sample shows only Zn and O peaks. Fig. 8(a) shows
the Ga 2p XPS spectra, which do not show observable shifts with dif-
ferent Ga doping levels, and peaks located at 1118.2eV and 1145.2
for the 2% and 5% Ga-doped samples, which correspond to the elec-
tronic states of Ga 2p3; and Ga 2p,, (curves (i) and (iii) in Fig. 8(a)),
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Fig. 8. XPS analysis of GZO thin films: (a) Ga region, (b) Zn region, and (c) O region.

respectively. The Ga 2ps, peak at 1118.2 eV, which is closer to the
reported value of 1117.5 eV [35], is attributed to Ga3* in Ga,0s3. In
addition, the peak height of Ga 2p3, and Ga 2p, tended to increase
with increasing Ga dopant concentration, indicating an increase in
the concentration of Ga introduced into ZnO.

In Fig. 8(b), the Zn 2p spectra do not show observable shifts with
increases in the Ga dopant concentration. However, when the Ga
dopant was introduced into ZnO, the O 1s spectra shifted slightly
toward a higher binding energy (Fig. 8(c)). Yoshino et al. reported
XPS results indicating that the chemical shift of oxygen (1s) for a
sol-gel derived Ga-doped ZnO (GZO) thin film was smaller than the
shifts of In- and Al-doped films [36]. This means that Ga ions can
more easily replace Zn ions than In and Al ions can.
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Table 2
The surface compositions of undoped and Ga-doped ZnO thin films, calculated from
XPS measurements.

Ga dopant
concentration
(%)

Composition (at. %)

(0] Zn Ga
0 47.0 53.0 N.D.
1 46.1 53.0 1.0
2 45.9 52.7 14
3 46.7 51.8 1.5
5 46.0 51.6 24

The peaks at 1022.0 and 1045.2 eV for the 2% Ga-doped sam-
ple are the electronic states of Zn 2psj; and Zn 2pqj, (curve (ii)
in Fig. 8(b)). The location of the Zn 2p3j; peak is very close to
the reported value of 1021.7 eV [37], which is attributed to the
Zn?* jons in the ZnO (Zn-O and Zn-Zn bonds). From Fig. 8(c),
it is noted that the O 1s spectra are asymmetric, and the peaks
can be deconvoluted to two separate peaks, namely two kinds of
oxygen species (O; and Oy). The dashed lines in Fig. 8(c) show
Gaussian fits to the experimental data (solid lines). The O; peak
(about 530.3eV) is attributed to the 02 ions in the ZnO crys-
tal lattice, which corresponds to O-M bonds (metal oxides), and
the Oy peak (about 531.9eV) is attributed to chemisorbed or dis-
sociated oxygen on surface hydroxyl, which corresponds to O-H
bonds [38,39].

The stoichiometry of sol-gel derived GZO thin films, calcu-
lated from XPS results, is shown in Table 2. The data reveal that
the ratio of O/(Zn+Ga) is smaller than the stoichiometric ratio
1:1, implying oxygen vacancies. From the listed data, it was also
found that the Ga atomic compositions of as-prepared thin film
samples were 1.0at.%, 1.4at.%, 1.5at.%, and 2.4 at.% for 1%, 2%, 3%,
and 5% Ga-doped samples, respectively. The actual atomic con-
centrations of gallium ([Ga]/[Zn+Ga]) incorporated in the films
were different from the expected values. The probable explana-
tion is that the concentration of interstitial Zn and Ga varied
with Ga dopant concentration due to evaporation of Zn and/or
Ga.

Normalized room-temperature PL spectra of nanocrystalline
GZO thin films are shown in Fig. 9. These spectra, after Gaus-
sian fitting, represent three bands: UV emission, violet emission,
and green emission. The three types of PL bands shifted toward
the short-wavelength when the ZnO thin films were doped
with Ga. Yang et al. reported that the visible emission peak
blue-shifted after Ga doping, which may be ascribed to the
recombination with higher emission energy introduced by the Ga
dopants [40].

Weak UV emission and strong violet emission were observed
in all of the PL spectra. The undoped ZnO films present the UV
emission center at 3.27eV (Fig. 9(a)); the corresponding wave-
length is about 379 nm, which is derived from the free excitonic
recombination [41,42]. The violet emission and the green emis-
sion centers of undoped ZnO films were at 2.85 and 2.47eV,
respectively. According to Wei et al., the violet-light emission
corresponds to the electronic transition from the shallow donor
energy level of the Zn interstitials and doped Ga atoms to the top
of the valence band level [43]. Barseth et al. assigned the green
emission at 2.53 eV to oxygen vacancy-related defect levels [44].
Vanheusden et al. proposed that the mechanism for the green emis-
sion was the recombination of electrons in singly ionized oxygen
vacancies with photoexcited holes in the valence band [45]. From
the above discussion, it is concluded that the visible emission is
strongly related to intrinsic defects in the nanocrystalline GZO thin
films.
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Fig.9. Normalized room temperature PL spectra of GZO thin films: (a) undoped, (b)
2% Ga-doped, and (c) 5% Ga-doped samples.

4. Conclusions

We have successfully fabricated Ga-doped ZnO (GZO) trans-
parent semiconductor thin films on alkali-free glass by sol-gel
spin coating. All nanocrystalline GZO thin films had a hexago-
nal wurtzite structure and exhibited a preferential orientation
along the (002) plane. Doping the ZnO thin films with Ga obvi-
ously reduced surface roughness, decreased electrical resistivity,
improved transparency in the visible range, and refined the
microstructure as compared to undoped ZnO thin films. The 2%
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Ga-doped ZnO thin films exhibited the lowest average resistiv-
ity, 2.8 x 102  cm, among all of the GZO thin films. The optimum
microstructure characteristics, transparency, and resistivity of GZO
films were attained with a Ga dopant level of 2%. Semiconductors
employing this film can be used for transparent electronic devices.
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