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Abstract Hexagonal structure indium tin oxide (ITO)
nanopowders were prepared by a solvothermal process at
only 175 °C for 24 h and post-annealing at 400 °C, using
metal indium and SnCl;-5H,O as the raw materials. The
morphology, crystal structures and structure defects of
products were, respectively, analyzed by scanning electron
microscopy (SEM), X-ray diffraction (XRD) and confocal
microprobe Raman system, the elemental state was inves-
tigated by X-ray photoelectron spectroscopy (XPS), and
the optical properties were carried out by ultraviolet—visi-
ble (UV-Vis) and photoluminescence (PL) spectropho-
tometers. The results show that the products are hexagonal
structure with a particles size of 28—41 nm; the morphol-
ogy of products consists of sphere and irregular cubic.
When pH values of solution increase, the content of oxygen
vacancies increases and the optical band gap varies from
3.59 to 3.78 eV. The products exhibit strong emission at
417 nm with an excitation of 370 nm, and the PL intensity
of samples increases with pH values increasing. Contrast-
ing to cubic structure ITO powder, the hexagonal structure
ITO has narrower optical band gap and higher PL intensity
under the same excitation wavelength.
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1 Introduction

The Sn-doped In,O5 n-type semiconductor oxides, generally
called ITO (indium tin oxide), are widely used in flat panel
displays, fuel-sensitized solar cell and gas sensor due to its
low resistance and excellent optical properties [1, 2]. There
are two different crystal structures of In,Os: the cubic
structure (c-In,O3) and the hexagonal structure (h-In,Os).
The corresponding crystal structures of ITO are cubic
structures (c-ITO) and hexagonal structures (h-ITO). The
h-ITO or h-In,O3 has shown many special properties such as
high lithium storage capacity for lithium-ion batteries [3],
high gas sensitivity [4] and high photocatalytic activity [5].

However, the preparation of h-ITO is more difficult than
that of ¢-ITO because the hexagonal structures are gener-
ally achieved at a high temperature or high pressures [6].
For example, Liu et al. [7] obtained h-In,O; at room
temperature, but above 15.3 GPa, Kim et al. [8] just
obtained the mixed powders of h-ITO and c-ITO using co-
precipitation. Yu et al. [9] synthesized h-In,O; fibers by
pyrolysing InOOH at 490 °C. Solvothermal method is an
effective way to synthesize high-purity, high-crystallinity
and well-dispersed h-ITO powders due to high reaction
activity and simple device. Recently, many studies have
been reported for synthesis of h-ITO with solvothermal
method [10-12]. However, to obtain the well-dispersed and
high-crystallinity h-ITO under mild conditions, the reaction
conditions in solvothermal process such as types of solvent,
pH, reaction temperature and time are still necessary to be
studied deeply.

The properties of photoluminescence (PL) are important
part of semiconductor light emission research fields. It has
been reported that the bulk In,O; materials show no PL
emission at room temperature [13]. However, owing to the
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oxygen defects forming in the preparation process and
quantum confinement effect, ITO nanostructures exhibit
PL phenomenon. Previous works generated great interest in
the relationship between PL intensity and SnO, content in
ITO specimen [14] and the PL properties of different
morphologies [15, 16]. However, the study on the emission
mechanism of ITO and the influence of fabrication condi-
tions on PL intensity were rarely reported. Besides, it has
been known that pH values have a significant influence on
the crystal growth rate and the structure of growth units
which determine the morphology and the content of crystal
defects [17]. However, controlling oxygen vacancy con-
centrations by changing pH values in solvothermal method
and its effect on PL properties has seldom been reported.

In this work, the well-dispersed and high-crystallinity
h-ITO powders were synthesized by solvothermal method
with binary solvents methanol-ethylene glycol, and the
effect of pH values on the content of oxygen vacancies and
PL properties were discussed.

2 Experimental

In(NO3); was prepared by vigorous stirring indium
(11.4 g) with concentrated nitric acid (HNOj3) at 50 °C,
then mixed with SnCly-5H,O (3.56 g) at In,O3 to SnO,
weight ratio of 90:10. 100 milliliters above-mixed solution
were divided into five portions, and ammonia was added
into the above-mixed solution to keep certain pH values,
such as 3.5, 5.5, 7.5 and 9.5, then the amount of methanol
and ethylene glycol (the ratio of volume = 1:2) as solvent
was added with 20 vol% of the mixed solution. After
stirred for 1 h, the suspensions were transferred into
Teflon-lined stainless steel autoclaves and heated at 175 °C
for 24 h, then naturally cooled to room temperature. The
mixtures were washed with water and ethanol and then
centrifuged until there are no chlorine and nitrate ions, and
dried at 80 °C for 10 h. The precursors were finally heated
at 400 °C for 3 h to produce Sample 1. Sample 2 was
prepared by adding ammonia into the rest of mixed solu-
tion to pH 9.5, and then, the precursor was washed and
dried just like above mentioned. Finally, it was calcined at
400 °C for 3 h directly.

The crystal structures were examined by powder X-ray
diffractometer (XRD, D8 Advance). Structural defects
were characterized by confocal microprobe Raman system
(Renishaw InVia) with the excitation wavelength of
514.5 nm. Morphologies of the products were investigated
by scanning electron microscope (SEM, HITACHI
S-4700), and the distribution histogram of particle size was
obtained by the statistic of 50 particles in each SEM image.
The carrier concentrations of products were obtained from
Hall effect measurement system (Phystech, RH2030).
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Diffusion reflection spectra were obtained from ultravio-
let—visible spectrophotometer (UV-Vis, UV-3600). X-ray
photoelectron spectroscopy (XPS, ESCALAB 250, Mg K
radiation) was employed to investigate elemental state.
Photoluminescence (PL) properties of product were carried
on F-7000 fluorescence spectrophotometer. Absolute
quantum yields (QY) were recorded on a FLS980 steady-
state spectrometer (Edinburgh Instruments, England).

3 Results and discussion
3.1 Phase analysis

Figure 1 shows XRD patterns of products prepared under
different conditions, and it can be seen that diffraction
peaks of Sample 2 can be indexed to the cubic structure
In,O3; (JCPDS No. 06-0416). However, all diffraction
peaks of Sample 1 (pH = 3.5-9.5) can be indexed to the
hexagonal structure In,O3 (JCPDS No. 22-336). No peaks
from other crystalline phases are found. The Raman spectra
were recorded to confirm crystalline structures and inves-
tigate structural defects (Fig. 2). On the basis of group
theory analysis, the hexagonal structure In,O3; belongs to
the space group of R3c, ng, and the optical modes (I'p) in
the crystal can be expressed by the following equation: [18]

Lopt = 2A13 + 5E, + 2A 14 + 2A2, + 342, + 4E, (1)

where the vibrations with symmetries Ay, Asy, A»g and E,
are infrared-active or Raman-active, the vibrational with
symmetries A, and E, is Raman-active, the Raman shifts
at 163 and 504 cm™' are corresponding to the vibration
mode of A;,, while Raman shifts at 219, 386 and 590 cm™!
are assigned to E,, which agree well with the reported
values of h-In,O; in Ref. [19]. The Raman shifts at
504 cm ™! are assigned to the stretching vibration of In-O—
In. Moreover, it also reflects the oxygen vacancies in h-
In,O3 structure [20]. It can be seen that the relative
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Fig. 1 XRD patterns of as-prepared ITO samples
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Fig. 2 Raman spectra of as-prepared ITO samples

intensity of 504 cm™"' gradually increases with the increase
in pH values, indicating that there are more oxygen
vacancies at high pH values. When OH™ concentration
increases, the octahedron of InOg is strongly distorted [21].
This process leads to that the breakage of In-O bond
becomes easier, and then, more oxygen vacancies are
formed. The c-In,O; belongs to the space group of Ia3, T}.
The optical modes in the crystal can be expressed by the
following equation: [18]

Topi = 4Aq + 4E, + 14T, + 5A, + SE, + 16T, 2)

where the vibrations with symmetries A,, E, and T, are
Raman-active, the vibrations with symmetry A, and E, are
non-active, and T, is infrared-active. As shown in Fig. 2,
¢-ITO Raman vibrational modes locate at about 132, 306,
365, 495 and 627 cm ™', Raman spectrum of Sample 2 is in
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good agreement with the reported values of c-In,Oj3 in Ref.
[22]. The Raman spectra of h-ITO and c-ITO are similar
with the corresponding Raman spectra of h-In,O; and
c-In,O3 because the main contribution to the vibrational
modes comes from the host lattice of h-In,O3 and c¢-In,03.

3.2 Morphology analysis

Figure 3 shows SEM images and particle size distribution
histogram of ITO prepared at different conditions. It can be
seen from SEM images that the morphology of c-ITO is
sphere with an average particle size of 39 nm. The mor-
phologies of h-ITO vary with the solution pH values. The
majority of morphologies are irregular cubic structure, and
the rest are spheres with an average particle size of 33 nm
(pH = 3.5). When the pH values of solution increase to
5.5, the amount of sphere structures slightly increases and
the average particle size is 41 nm. However, the mor-
phologies mostly present as spheres with an average par-
ticle size of 38 nm when solution pH value is 7.5. Finally,
the majority of morphologies become irregularly cubic
with an average particle size of 28 nm (pH = 9.5). SEM
analysis indicates that two kinds of morphologies, irregu-
larly cubic and spherical, are observed at different solution
pH values. The amount of spheres increases firstly and then
reduces with pH values increasing.

3.3 PL property analysis

Figure 4 shows diffuse reflection spectra of ITO prepared
at different conditions, and the absorption spectra of
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Fig. 3 SEM images and inset histograms of size distribution of particles of ITO samples prepared at different conditions: a c-ITO, b pH = 3.5,
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Fig. 4 Diffusion reflection spectra of as-prepared ITO samples
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Fig. 5 UV-Vis absorption spectra of as-prepared ITO samples

products can been converted by the Kubelka—Munk (KM)
theory using the following equation: [23]

(1-Rs)? K

TR. s F(R) (3)
where K is the absorption coefficient, S is the scattering
coefficient, R, is the reflectance of the sample with infinite
thickness, and F(R) is the KM function. Figure 5 shows
UV-Vis absorption spectra converted by diffuse reflection
spectra. It can be seen that the ITO samples show strong
absorption at 240-450 nm. Moreover, the optical band gap
can be estimated by the following equation: [24]

(ahv)® = A(hv — Ey) (4)

where A is a constants related to the valence and
conduction band of material, hv is photon energy, o is
the absorption coefficient, and E, is the optical band gap.
The optical band gap can be obtained by linearly fitting on
the edge of the corresponding curve. As shown in Fig. 6,
the E, values of as-prepared ITO samples are 3.59 eV
(pH = 3.5), 3.68eV (pH =15.5), 3.74eV (pH =17.5),
3.78 eV (pH = 9.5) and 3.82 eV (c-ITO), respectively. It
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Fig. 6 Plot of (ahv)? as function of hv for as-prepared ITO samples

is clear that the E, values of ¢-ITO are higher than that of
h-ITO due to the difference of energy band structure
between h-In,O5; and c-In,Os. It has been know that the
valence band of h-In,O3 and c-In,O5 consists of O 2p and
In 4d; however, the bottom of conduction band of c-In,O3
is made up of O 2p and In 5s, and the bottom of conduction
band h-In,03 is made up of In 5s [25]. Moreover, the E,
values of h-ITO are higher than the intrinsic band gap of
3.5eV and increase with pH values increasing. The
concentration of oxygen vacancies increases with solution
pH values increasing which has been discussed at Raman
spectra. Furthermore, it has been known that one oxygen
vacancy can provide conduction band with two free
electrons after ionizing process, leading to the increase in
carrier concentrations. Therefore, the increase in E, value
can be explained by Burstein—-Moss effect. On the basis of
this model, the electrons of valence band excited to
conduction band need more energy. It can be explained by
that donor electrons occupy the bottom of the conduction
band when carrier concentrations increase, which makes E,
values increase. The relationship between carrier
concentrations (n) and optical band gap (E,) is expressed
by the following equation [26]

E, —Ey= (wh)” (3—n> B (5)

- *
2m: \ m

where E, is the intrinsic band gap, m; is the reduced
effective mass, and 4 is Planck constant. Figure 7 shows
the variation of E, with n*”. There is a good correlation
between optical band gap and n*”, which was confirmed by
Gupta et al. [27]. The results indicate that the increase in E,
is induced by the increase in carrier concentrations, con-
sistent with above discussions. To verify the existence of
oxygen vacancies, the chemical and structural evolutions of
h-ITO nanopowders were analyzed by XPS. Figure 8
shows O 1s XPS spectra of ITO samples prepared at dif-
ferent pH values. Three peaks, including 529.9, 531.1 and
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Fig. 7 Plot of band gap (E,) as a function of n*?

different pH values

of h-ITO prepared at

531.7 eV, are found in all the h-ITO nanopowders. The
peaks at 529.9 and 531.7 eV can be assigned to oxygen in
h-In,O3 lattices without and with oxygen vacancies,
respectively [28]. Besides, the peak at 531.1 eV can be
assigned to oxygen in SnO, lattices. The analysis on con-
tent of oxide lattice with oxygen vacancies was performed
based on an area integration of each O 1s peak (Fig. 8e). It
is observed that the content of oxygen in h-In,Oj3 lattices
with oxygen vacancies increases when pH values increases.
These results imply that the increase in carrier concentra-
tion may be due to the increase in oxygen vacancies.
Figure 9 shows the room temperature PL spectra of as-
prepared ITO samples at different conditions. The PL
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Fig. 9 PL spectra of as-prepared ITO samples

spectra of as-prepared ITO samples are similar with 370-
nm excitation, and five peaks of 417, 438, 451, 457 and
480 nm are observed in blue light region. The PL intensity
of h-ITO is higher than that of c-ITO and increases with pH
values increasing. Since the energy of emission peaks
(417 nm at 298 eV, 438 nm at 2.84 eV, 451 nm at
2.75 eV, 451 nm at 2.72 eV and 480 nm at 2.59 eV) are
lower than the band gap of h-ITO (3.59-3.78 eV), the
visible emission cannot be assigned to the direct recom-
bination of a conduction electron in In 5s band and a hole
in O 2p valence band. Furthermore, the possibility of the
observed PL arising from a quantum confinement effect
also can be excluded, because the diameters of the present
h-ITO nanopowders seem too large to show a quantum
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Fig. 8 O Is XPS spectra of h-ITO nanopowders prepared at different pH values: a pH = 3.5, b pH =5.5, ¢ pH = 7.5 and d pH = 9.5;
e content of oxide lattice with oxygen vacancies as a function of pH value
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Fig. 10 Mechanism diagram of luminescence process

confinement effect (the critical Bohr radius of In,Os5 is
about 2.14 nm) [29]. Therefore, the intensive blue light
emission can be attributed to oxygen vacancies (Vg) and
indium oxygen vacancy centers [(Vy,, Vo) X]. The (Vi Vo) ¥
may be acted as the acceptors and V§ as the donors. After
excitation of the acceptor, a hole on the acceptor and an
electron on a donor are created according to the following
formula [30]:

Vo + (Vin, Vo) + hv — (Via, Vo)* + (Vo)™ (6)

There are two steps in the luminescence process. Firstly,
an electron in donor level (Vi) may be captured by a hole
on an acceptor [(Vy, VO)X] to form a trapped exciton. In the
next step, the trapped exciton recombines radiatively to
emit blue light. Thus, the blue emission occurs via the
reverse process, which is illustrated in Fig. 10. The
mechanism of blue light emission of ITO is similar with
that of In,O5. However, the donor level of ITO consists of
oxygen vacancies (V&) and defects of In substituted Sn
(Sny,). Consequently, the luminescence process of ITO also
includes another process in which Sny, is the donor level
when the excitons have radiative recombination. This
process of radiative recombination of excitons can be
expressed by the following formula:

Sy, + (Vin, Vo) + hv — (Vin, Vo)* + Sn¥, (7)

The specific process is like process in Eq. (6). The
effects of process in Eq. (7) on the luminous intensity of all
of products are nearly identical under the same doping
concentrations of SnQ,. Therefore, it can be inferred from
the process in Eq. (6) that the number of excitons, created
by the hole on acceptor capturing electrons, increases and
the probability of radiative recombination of excitons
increases. As results, the number of emitted photons
increases when the oxygen vacancy concentrations
increase. To confirm the influence of content of oxygen
vacancies on PL intensity, the absolute quantum yields
(QY) of h-ITO nanopowders obtained at different pH
values are shown Fig. 11. The quantum yield (QY) of
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Fig. 11 Quantum yield of h-ITO nanopowders prepared at different
pH values

h-ITO nanopowders increases when pH values range from
3.5 to 9.5. It indicates that luminescent ability increases
with the content of oxygen vacancies increasing.

4 Conclusion

The h-ITO powders were synthesized by solvothermal
method with binary solvent methanol—ethylene glycol, and
the influence of content of oxygen vacancies on PL prop-
erties was discussed. It is observed that the content of
oxygen vacancies, carrier concentrations and PL intensity
of h-ITO strongly depend on pH values. When pH values
increase, the optical band gap of h-ITO increases from 3.59
to 3.78 eV and carrier concentrations of h-ITO range from
3.32 x 10'°t09.07 x 10" cm™>. Moreover, the results of
PL spectra present that crystal structure has significant
effects on PL intensity, but has little influence on peaks.
Additionally, PL intensity of h-ITO nanopowders is
determined by the content of oxygen vacancies when
doping concentrations of SnO, are identical, and PL
intensity increases with the content of oxygen vacancies
increasing. In contrast to c-ITO, the h-ITO shows higher
PL intensity. It indicates that h-ITO nanopowders may
have great potential application in light-emitting devices.
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