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Growth and characterization of Ga-doped ZnO thin
films deposited by sol-gel dip-coating method
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Ga-doped ZnO (GZO) thin films were deposited on quartz substrates using a sol-gel dip-coating method. The structural and
optical properties of the resulting GZO thin films with various Ga concentrations were investigated using scanning electron
microscopy, X-ray diffraction, UV-visible spectroscopy, and photoluminescence. The GZO thin films exhibited rough
surfaces with a particle-like structure. An increase in Ga concentration gave rise to slightly decreased patrticle sizes but did
not change the surface morphology of the thin films. From all GZO thin films, the optical transmittance in the visible region
was over 80%, where in the case of the undoped ZnO thin films, three emission peaks could be observed in the UV and
visible region. With an increase in the Ga concentration, the intensity of the UV emission peak increased, while the intensity

of the red emission peak decreased.
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1. Introduction

Zinc oxide (ZnO) is an essential starting material for
the construction of nanoscale structures because of its low
cost and favorable electrical, optoelectronic, and
luminescent properties. ZnO has a wide direct band gap of
3.37 eV at room temperature (RT) [1], and its exciton
binding energy is relatively large at a value of 60 meV,
which ensures efficient excitonic emission up to RT [2]. In
addition, ZnO shows high chemical, mechanical, and
thermal stability [3]. As a result, ZnO is a promising
material for application in several technologies such as
UV/blue emission devices [4], chemical sensors [5], and
electroluminescent displays [6].

Compared to undoped ZnO, impurity-doped ZnO
displays lower resistivity and higher stability. ZnO has
been doped with Al, Ga, In, B, Si, Ge, Ti, Zr, Hf, and F [7-
11]. Among the metal dopants used, Ga doping seems to
be the most successful and promising approach because of
advantages such as the comparable ionic and covalent radii
of Ga and ZnO (Ga: 0.62 and 1.26 A, ZnO: 0.74 and 1.34
A, respectively), resulting in relatively small ZnO lattice
deformations, even at high Ga concentrations. Moreover,
Ga is less reactive and more resistant to oxidation than Al
[12]. For the deposition of Ga-doped ZnO (GZO) thin
films, a number of growth techniques, such as chemical
vapor deposition [13], sol-gel method [14], spray pyrolysis
[15], magnetron sputtering [12], pulsed laser deposition
[16], and molecular beam epitaxy [17], have been used.

Among these deposition techniques, the sol-gel process is
especially attractive because it is easily performed in the
laboratory for the synthesis of semiconducting thin films
of controlled thickness and overall dimensions. In addition,
the process is of low cost and could thus find many
technological applications.

In this work, GZO thin films were deposited using the
sol-gel dip-coating method and the effect of Ga
concentration on the structural and optical properties of the
GZO thin films was investigated.

2. Experimental procedure

The precursors used to prepare the films were zinc
acetate dihydrate, 2-methoxyethanol, and
monoethanolamine (MEA) as the sol-stabilizer. Zinc
acetate was added to 2-methoxyethanol to obtain a
concentration of 0.3 M. The resulting solution was
thoroughly mixed using a magnetic stirrer. Equimolar
guantities of MEA were added drop-wise until the solution
became transparent. Ga dopant was added in the form of
GaCl; with varying Ga/Zn ratio of from 0 to 5 at.%. After
proper mixing, the solution was filtered and kept for 24 h.
The solutions were then used to prepare thin films on
quartz substrates by drain coating at withdrawal rates of 8
cm/min. After each dip coating, the films were incubated
in air in an oven at 150 °C for 10 min. This process was
repeated 5 times for each sample. The samples were
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finally heated at 500 °C for 60 min. Scanning electron
microscopy  (SEM), X-ray diffraction  (XRD),
photoluminescence (PL), and UV-visible spectroscopy
were carried out to investigate the effect of the Ga
concentration on the structural and optical properties of the
GZO thin films.

3. Results and discussion

Fig. 1 shows the SEM images of the GZO thin films
with different Ga concentrations: (a) 0, (b) 1, (c) 3, and (d)
5 at.%. The ZnO and GZO thin films exhibited rough
surfaces with a particle-like structure. The particle-like and
porous structure was particularly evident in the sol-gel
synthesized ZnO thin films. With an increase in the Ga
concentration, the particle size slightly decreased. In the
case of Al-doped ZnO thin films (AZO), it was found that
the surface morphology was strongly dependent on the Al
concentration [18]. Interestingly, with an increase in Al
concentration, the morphology of the AZO thin films
changed to nanorod-like structures. In the case of the GZO
thin films, significant change in morphology was observed,
which might be due to the comparable ionic and covalent
radii of Ga and ZnO, as mentioned above.

Fig. 1. SEM images of the GZO thin films with different Ga
concentrations: (a) 0, (b) 1, (c) 3, and (d) 5 at.%.

Fig. 2 shows the XRD patterns of the GZO thin films
with different Ga concentrations: (a) 0, (b) 1, (c) 3, and (d)
5 at.%. For all GZO thin films, three ZnO diffraction
peaks were observed at 31°, 34 °, and 36 ° corresponding to
ZnO (100), (002), and (101) planes, respectively. It is well
known that ZnO grows in c-axis preferred orientation
under normal growth conditions because the (001) basal
plane in ZnO possesses the lowest surface energy, leading
to a preferred growth in the [001] direction. With
increasing Ga concentrations, the intensity of the ZnO
(001) diffraction peak decreased dramatically. To describe
the preferred orientation, the texture coefficient (TC)
was calculated using the following equation [19]:

| /1
TC _ iy T Vohiay , (1)
T 1y Nzl(hkl) / IO(th)
N

where N is the number of diffraction peaks, and Ipq and
logniry are the integrated intensities of the (hkl) reflection of
GZO thin films containing the textured and randomly
oriented crystallites. It is clear from this definition that a
deviation of TC from unity implies the growth of GZO
thin films in a preferred orientation along the particular
diffraction plane. As shown in the inset of Fig. 2, the value
of TCqoz) Of the GZO thin films decreased with Ga doping,
although the change was not particularly large.
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Fig. 2. XRD patterns of the GZO thin films with different

Ga concentrations: (a) 0, (b) 1, (c) 3, and (d) 5 at.%. The

inset  shows the texture coefficient of the GZO thin films
with different Ga concentrations: 0, 1, 3, and 5 at.%.

Fig. 3 shows the optical transmittance of the GZO thin
films with different Ga concentrations: (a) 0, (b) 1, (c) 3,
and (d) 5 at.%. The absorption edge was observed at 360
nm with a transparency of over 80% in the visible range.
The optical transmittance in the UV range decreased with
increasing Ga concentration. The calculated absorption
coefficient a(4) of the GZO thin films is depicted in the
inset of Fig. 3. The a(X) of ZnO-based materials can be
calculated by [20]:

T =exp[-a(4)d], @)

where T is the optical transmittance and d is the thickness
of the GZO thin films. The a(4) of materials with a direct
band gap is larger than 100 - 1000 times that of materials
with an indirect band gap. The fundamental absorption
edge of the GZO thin films results from electron
transitions from the valence band into the conduction band
and, therefore, this edge can be used to calculate the
optical band gap of the ZnO thin films. The a(1) in the UV
range of the GZO thin films decreased with Ga doping.
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Fig. 3. Optical transmittance of the GZO thin films with

different Ga concentrations: (a) 0, (b) 1, (c) 3, and (d) 5

at.%. The inset shows the absorption coefficient of the

GZO thin films  with different Ga concentrations: (a) 0,
(b) 1, (c) 3, and (d) 5 at.%.

The incorporation of impurities into semiconductors
often results in the formation of band in the band gap. The
a(4) near the fundamental absorption edge exhibits an
exponential dependency on the incident photon energy and
obeys the empirical Urbach relation, in which Ina varies as
a function of hv. The Urbach energy Ey can be calculated
by the following relation [21]:

a:aoexp[gvj, ©)

where «q is a constant. E, refers to the width of the
exponential absorption edge. Fig. 4 shows the variation of
Ina vs photon energy for the GZO thin films with different
Ga concentrations: (a) 0, (b) 1, (c) 3, and (d) 5 at.%. The
Ey value was then calculated from the Urbach plots using
the following relation:

£ :{d(ln a)] | @
d(hv)

As shown in the inset of Fig. 4, the Ey value of the
GZO thin films gradually increased from 84.2 to 153.0
meV with an increase in the Ga concentration. Apparently,
the concentration of Ga determines the width of the
localized states in the optical band of the GZO thin films.
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Fig. 4. The variation of /na with photon energy for the
GZO thin films with different Ga concentrations: (a) 0,
(b) 1, (c) 3, and (d) 5 at.%. The inset shows the Urbach
energy of the GZO thin films as a function of the Ga
concentration.

Fig. 5 shows the normalized PL spectra of the GZO
thin films with different Ga concentrations: (a) 0, (b) 1, (c)
3, and (d) 5 at.%. For the pure ZnO thin films (0 at.%),
three emission peaks were observed at 380, 419, and 621
nm. Here, the peak at 380 nm is a near-band-edge
emission (NBE) peak generated by exciton recombination.
The other two peaks, at 419 and 621 nm, are deep-level
emission (DLE) peaks caused by structural defects in the
ZnO thin films, i.e., oxygen vacancies (Vo) and zinc
interstitials (Zn;) for the 419 nm peak [22], and excess
oxygen for the 621 nm peak [23]. The intensity of the
NBE peak increased with increasing Ga concentration
because of an increase in the electron carrier concentration
[24]. It was furthermore noted that the intensity of the
peak at 621 nm decreased gradually with increasing Ga
concentration, which possibly resulted from a decrease in
the excess oxygen atoms in the GZO thin films. It should
be noted that the Ga-O bond is stronger than that of Zn-O
[25]. By Ga incorporation, the number of excess oxygen
atoms that exist in the GZO thin films could therefore be
decreased, leading to a decreased intensity of the 621 nm
peak.
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Fig. 5. Normalized PL spectra of the GZO thin films with
different Ga concentrations: (a) 0, (b) 1, (c) 3, and (d) 5
at.%.
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4., Conclusions

The structural and optical properties of the GZO thin
films deposited by a sol-gel dip-coating method and
incorporating  different Ga  concentrations  were
investigated. The GZO thin films exhibited a rough
surface with a particle-like structure. With increasing Ga
concentration, the particle size slightly decreased without
affecting the surface morphology. The optical
transmittance in the visible region of the GZO thin films
was above 80%. In addition, three emission peaks were
observed in the UV and visible region of the ZnO thin
films. With increasing Ga concentration, the intensity of
the UV emission peak increased, while that of the red
emission peak decreased.
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