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Indium-doped ZnO thin films were deposited by sol–gel spin-coating method with various In content. The
effects of In content on the structural and optical properties of the indium-doped ZnO thin films were investigated
by scanning electron microscopy, X-ray diffraction, and UV-visible spectroscopy. The particle-like surface
morphology and the crystallinity of the indium-doped ZnO thin films were affected by change in the In content,
especially at the In content of 3 at.%. The values of direct band gap were decreased with increase in the In
content. The width of localized states in the optical band gap of the indium-doped ZnO thin films were changed
with In content and the Urbach energy (EU) was changed inversely with optical band gap of the indium-doped
ZnO thin films.

PACS: 81.05.Dz, 81.20.Fw, 78.66.Hf

1. Introduction

Zinc oxide (ZnO) is a direct wide band gap semicon-
ductor material (Eg = 3.37 eV at room temperature). It
has a large excitation binding energy of 60 meV, which
makes the exciton hard to be thermally ionized. In
addition, ZnO is one of the II–VI compound semicon-
ductors and is composed of hexagonal wurtzite crystal
structure. As a matter of fact, ZnO has a variety of
potential applications such as gas sensors [1], surface
acoustic devices [2], transparent electrodes [3], and solar
cells [4]. Various deposition techniques like sputtering [5],
pulsed laser deposition (PLD) [6], chemical vapor depo-
sition (CVD) [7], molecular beam epitaxy (MBE) [8], hy-
drothermal reaction [9], and sol–gel [10] have been widely
employed in the deposition of ZnO thin films. Among
them, the sol–gel method has some merits, such as the
easy control of chemical components, and fabrication of
thin films at a low cost to investigate structure and op-
tical properties of ZnO thin films.

ZnO can be doped with a wide variety of ions to meet
the demands of several application fields. Among the var-
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ious dopants for n-type ZnO thin films, Al, Ga, and In
have been determined to be the most suitable materials.
It is well known that the physical characteristics of the
ZnO thin films depend on the doping, and then a study of
the doping effect on the physical characteristics is always
interesting. However, there are a few reports on the In-
-doped ZnO thin films deposited by sol–gel method [11].
Therefore, in this paper, the effects of In content on struc-
tural and optical properties of In-doped ZnO thin films
prepared by sol–gel method were studied.

2. Experimental details

The In-doped ZnO (IZO) thin films were deposited on
quartz substrates by sol–gel spin-coating method. The
precursor solution was prepared by dissolving 0.5 M
zinc acetate dihydrate [Zn(CH3COO)2·2H2O] in 0.5 M
2-methoxyethanol as a solvent, and monoethanolamine
(MEA) was added to the stable sol solution. The molar
ratio of zinc acetate dihydrate to 2-methoxyethanol was
maintained at 1:1. The In content was controlled by the
change in the atomic% ratio of indium chloride (InCl3)
to zinc acetate dihydrate from 0 to 5. The resultant sol
solution was stirred at 60 ◦C for 2 h to yield a clear and
homogeneous solution. The sol solution was preserved
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for 24 h before the deposition of the IZO thin films. The
sol solution was spin-coated onto quartz substrate, ro-
tated at 3000 rpm for 20 s. The IZO thin films were
heated at 300 ◦C for 10 min to evaporate the solvent and
remove the organic residuals (named as pre-heat treat-
ment). The spin-coating and pre-heating processes were
repeated 5 times. In order to crystallize, the IZO thin
films were heated in a furnace under an air atmosphere
at 500 ◦C for 1 h (named as post-heat treatment). The ef-
fects of In content on the structural and optical properties
of the IZO thin films were investigated by scanning elec-
tron microscopy (SEM), X-ray diffraction (XRD), and
UV-visible spectroscopy.

3. Results and discussion

Figure 1 shows SEM images of the IZO thin films with
different In content; (a) 0, (b) 1, (c) 2, (d) 3, (e) 4, and
(f) 5 at.%. The IZO thin films exhibited a rough surface
with a particle-like structure. The particle-like and pore
structure was particularly apparent on the sol–gel synthe-
sized ZnO thin films. By increase in the In content, the
particle size was increased and the pores become larger.
The IZO thin films consisted of two layers (bottom and
upper layer). The bottom layer could be obviously ob-
served as the particles of upper layer were merged by
increase in the In content. The double layer is because
of the ZnO thin films not being a high thermal resistance
material, its thermal peeling behavior has still not been
examined, especially under the sol–gel method [12].

Fig. 1. SEM images of the IZO thin films with different
In content: (a) 0, (b) 1, (c) 2, (d) 3, (e) 4, and (f) 5 at.%.

Figure 2 shows XRD pattern of the IZO thin films
with different In content: (a) 0, (b) 1, (c) 2, (d) 3, (e) 4,
and (f) 5 at.%. From undoped ZnO thin films, seven ZnO
diffraction peaks at 31◦, 34◦, 36◦, 47◦, 56◦, 63◦, and 68◦

were observed, corresponding to ZnO (100), ZnO (002),
ZnO (010), ZnO (102), ZnO (110), ZnO (103), and ZnO
(200), respectively. It is well known that ZnO is usu-
ally grown with c-axis preferred orientation under typical
growth conditions due to the lowest surface energy of the
(001) basal plane in ZnO, leading to a preferred growth
in the [001] direction. With increase in the In content
to 3%, the intensity of the ZnO (002) diffraction peak
was increased while that of the other diffraction peak
was decreased. This implies that the crystal quality is
improved by In doping. However, by further increase in
the In content, the intensity of the ZnO (002) diffraction
peak was decreased as shown in Fig. 3A.

Fig. 2. XRD pattern of the IZO thin films with differ-
ent In content: (a) 0, (b) 1, (c) 2, (d) 3, (e) 4, and (f)
5 at.%.

Fig. 3. The intensity of ZnO (002) diffraction peak and
texture coefficient of the IZO thin films with various In
content.

In order to describe the preferred orientation, the tex-
ture coefficient (TC(hkl)) was calculated using the follow-
ing equation [13]:

TC(hkl) =
(
I(hkl)/I0(hkl)

)/
1/N

∑

N

I(hkl)/I0(hkl)

 , (1)

where N is the number of diffraction peaks, I(hkl) and I0(hkl)
are the integrated intensities corresponding to the (hkl)
reflection of the IZO thin films containing the textured
and randomly oriented crystallites. It is clear from the
definition that the deviation of TC from unity implies
the IZO thin films growth in preferred orientation along
that diffraction plane. As shown in Fig. 3B, the value
of the TC(002) and TC(004), which indicate the c-axis pre-
ferred orientation, was increased with increasing the In
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content to 3%. However, the value of the TC(002) and the
TC(004) was decreased by further increase in the In con-
tent. These results indicate that the crystal quality of
the IZO thin films is improved by incorporation with ad-
equate amounts of In. It might be because the crystalline
of the IZO thin films became more perfect. The migra-
tion velocity of In is faster than Zn and O atoms in the
ZnO due to the weaker In–O bond than Zn–O bond. The
In atoms could have more chance to reach Zn lattice site
earlier than O atoms during the pre- and post-heat treat-
ment, and O antisites would be reduced, consequently
the c-axis preferred orientation and the crystallinity of
the IZO thin films was enhanced.

Figure 4 shows optical transmittance of the IZO thin
films with different In content in the range from 0 to
5 at.%. The optical transmittance of the IZO thin films
is determined by the thickness, surface roughness, and
the absorption coefficient of the sample [14]:

T = exp(−α(λ)d), (2)

where T is the transmittance, α is the absorption coeffi-
cient, and d is the thickness of the IZO thin films. The
absorption edge of optical transmittance for the IZO thin
films was affected by the change of In content. The funda-
mental absorption edge of the IZO thin films corresponds
to electron transitions from valence band to conduction
band and this edge can be used to calculate the optical
band gap of the IZO thin films. In the direct transition,
the absorption coefficient can be expressed by [15]:

α = C
(
hν − Eg

)n
/hν, (3)

where C is a constant, hν is the photon energy and Eg is
the optical band gap. If the material has a indirect band
gap, n is 2; if the material has a direct band gap, n is 1/2.

Fig. 4. Optical transmittance of the IZO thin films
with various In content.

Figure 5 shows plots of (αhv)2 vs. photon energy. The
Eg values of the IZO thin films were calculated from these
plots. As seen from these plots, Eg values of the IZO thin
films were decreased from 3.2906 to 3.2560 eV with in-
crease in the In content. Bae et al. [16] reported the
redshift of Eg by In doping in ZnO. The incorporation
of In is accompanied by a systematic low-energy shift
of the band gap extending down to the yellow spectral

range. The narrowing band gap energy is possibly due to
the existence of In impurities in Zn, which induce the for-
mation of new recombination centers with lower energy
state. The increase in the Eg should be also caused by the
increasing carrier concentration with In incorporation.

Fig. 5. The plots of (αhv)2 vs. photon energy of the
IZO thin films with various In content.

The incorporation of impurity into the semiconductor
often reveals the formation of band in the band gap. The
absorption coefficient near fundamental absorption edge
is exponentially dependent on the incident photon en-
ergy and obeys the empirical Urbach relation, where lnα
varies as a function of hν. The Urbach energy can be
calculated by the following relation [17]:

α = α0 exp(hv/EU) , (4)

where α0 is a constant and EU is the Urbach energy which
refers the width of the exponential absorption edge.

Fig. 6. The Urbach plots and the plots of the EU vs.
optical band gap of the IZO thin films.

Figure 6 shows (A) the variation of lnα vs. photon en-
ergy and (B) EU vs. optical band gap for the IZO thin
films. The EU values were calculated from the Urbach
plots using following relation:

EU = [d(lnα)/d(hv)]−1. (5)

The EU value of the IZO thin films was gradually in-
creased from 40.4 to 94.8 meV as the In content increased.
The In content was responsible for the width of localized
states in the optical band of the IZO thin films and it de-
creases the width of localized states in the optical band
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gap. Thus, the EU value was inversely changed with op-
tical band gap of the IZO thin films as shown in Fig. 6B.

4. Conclusions

The IZO thin films were deposited by sol–gel spin-
-coating method with various In content. All IZO thin
films show a particle-like structure and the surface mor-
phology is affected by the In content. The crystal quality
and c-axis preferred orientation of the IZO thin films are
enhanced by In content, especially at the In content of
3 at.%. The values of direct band gap were decreased
with increase in the In content. The width of localized
states in the optical band gap of the IZO thin films were
changed with In content and the EU was changed in-
versely with optical band gap of the IZO thin films.
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