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g r a p h i c a l a b s t r a c t
� InGaZnO4 (IGZO) nanoparticle was
synthesized by multistep co-
precipitation method.

� The synthesis parameters were
controlled precisely to prepare high
quality powder.

� The relative density of highly crys-
talline IGZO tablet is as high as
97.30%.

� IGZO tablet exhibited highly crystal-
line structure and the large grain size.
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Indium gallium zinc oxide (InGaZnO4, IGZO) has attracted explosive growth in investigations over the
last decades as an important material in the thin-film transistor. In this study, the various nitrate pre-
cursors, including indium nitrate, gallium nitrate, and zinc nitrate, were prepared from the various
metals dissolved in nitric acid. Then, we used these nitrate precursors to synthesize the IGZO precursor
powder by the multistep co-precipitation method. The synthesis parameters of the co-precipitation
method, such as reaction temperature, pH value and reaction time, were controlled precisely to pre-
pare the high quality IGZO precursor powder. Finally, IGZO precursor powder was calcined at 900 �C.
Then, the microstructure, the crystalline structure, the particle size distribution and specific surface area
of calcined IGZO precursor powder were characterized by electron transmission microscopy, X-ray
diffraction technique, dynamic light scattering method and the surface area and porosimetry analyzer,
respectively. The relative density of IGZO tablet sintered at 1200 �C for 12 h is as high as 97.30%, and it
showed highly InGaZnO4 crystalline structure and the large grain size. The IGZO nanoparticles developed
in our study has the potential for the high quality target materials used in the application of electronic
devices.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Recently, there has been rapidly increasing interest in novel
materials as a channel layer in thin-film transistors (TFT) used in
.-C. Wu).
the TFT backplane of flat-panel displays (FPDs) [1e4]. Several of
zinc based metal oxide-based materials, such as Cu∙ZnO∙ZnAl2O4,
ZnAlSnO, InGaZnO4, etc [5e7], have been widely studied for
application as a channel layer in thin-film transistors. In particular,
IGZO exhibits large bandgap and wide controllability of carrier
concentrations [8e10], which make it very promising for trans-
parent TFT applications [11e13]. In addition, IGZO can be deposited
as a uniform amorphous phase and still exhibit the high carrier
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Fig. 1. X-ray diffraction patterns of various precursor powders synthesized in solutions
at pH of (a) 12.01 and (b) 8.89, and then, they were calcined in the air at 700 �C, 800 �C,
900 �C, 1000 �C, 1100 �C and 1200 �C for 1 h at a heating rate of 5 �C/min.
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mobility. Amorphous IGZO could have subgap density of state and
tail state originating from structure disorder and defects, which
affect carrier transport properties and devices performances [14].

The solution-based process is one of the most promising stra-
tegies for obtaining IGZO thin films without the use of vacuum
technology [15e19]. Chemical vapor deposition under atmospheric
pressure is a unique technique among the usual solution-based
methods [20,21]. The solution-based process is suitable for large
area deposition and roll-to-roll processing, which represent
important techniques with regard to mass and high-speed
manufacturing. One of the major challenges in the research field
of transparent conducting and semiconducting oxides concerns
understanding the defect/doping mechanism responsible for car-
rier generation in these wide-bandgap materials.

In this study, we propose to introduce the IGZO synthesized by
the low temperature multistep co-precipitation method, instead of
the solid oxide reaction route that mixes various metal oxides
directly. The low temperature multistep co-precipitation method
will eliminate the impurity from the mechanical mixing process
that uses a ball mill. The IGZO synthesized by the low temperature
multistep co-precipitation method can obtain high relative density,
high purity and single crystal structure InGaZnO4 target materials
when calcination temperature reached 1100 �C. Our method can
reduce the formation temperature of single InGaZnO4 phase
around 200 �C compared with conventional solid state method [8].
The size and crystallinity of the IGZO precursor powders were
examined as the function of temperature and synthesis parameters
for applications as target. Therefore, the morphology, crystallinity
and microstructure of IGZO precursor powders are studied. Here,
we demonstrated the IGZO precursor powder that can be used as
IGZO target for offering the possibility of the application of TFT
backplane of FPDs.

2. Experimental details

The chemicals were used as received without further purifica-
tion including indium slug (In, 99.995%, Ultimate Materials Tech-
nology Co., Ltd.), gallium metal (Ga, 99.99%, Ultimate Materials
Technology Co., Ltd.), zinc pellet (Zn, 99.99%, Ultimate Materials
Technology Co., Ltd.), nitric acid (HNO3, 65%, Panreac) and sodium
hydroxide (NaOH, >97%, Fisher Chemical).

The various nitrate precursors, including indium nitrate
(In(NO3)3), gallium nitrate (Ga(NO3)3), and zinc nitrate (Zn(NO3)2),
were prepared before the co-precipitation method. At first, In, Ga,
and Zn were dissolved with 65.0 wt% HNO3. The concentrations of
In(NO3)3, Ga(NO3)3, and Zn(NO3)2 used in our study were 2.30 M,
2.85 M, and 3.25 M respectively. 17.62 ml of In(NO3)3, 13.84 ml of
Ga(NO3)3, and 12.45 ml of Zn(NO3)2 were transferred into a
250.0 ml three-necked flask to obtain an equal molar ratio of In, Ga,
and Zn. Then, 5.0 M NaOH was added to the three-necked flask to
precipitate the solution. The reaction temperature was kept below
10 �C during the precipitation process because the rate of nucle-
ation and crystal growth can be reduced at a low temperature. At
the same time, the reaction at low temperature can decrease the
thermal motion of particles in solution [22,23]. The multistep co-
precipitation method controlled the pH value in many steps ac-
cording to the solubility product constant (Ksp) of each compound.
In this study, we adopted three steps co-precipitation method to
synthesize IGZO precursor powder due to the difference of Ksp, such
as gallium hydroxide is ~7.28 � 10�36, indium hydroxide is
~6.30 � 10�34 and zinc hydroxide is ~3.00 � 10�17 [24]. In order to
confirm the difference between the conventional method and our
multistep co-precipitation method, we prepared a reference pow-
der by the conventional method that controlled the pH value
approaching to ~12.01. For our multistep co-precipitation method,
the IGZO precursor powder was carried out as follows. First, NaOH
was added until pH value approached ~4.88 and was placed for 2 h
in order to obtain Ga(OH)3. In the second step, NaOH was added
until pH value reached at ~5.35 and was then placed for 2 h to
obtain In(OH)3. Finally, NaOH was added until pH value located in
the range from 8.34 to 9.99 and was placed for 2 h. After filtering
IGZO precursor powder, it was washed again with deionized water
until pH value was close to 7.0. Finally, the IGZO precursor powder
was dried at 120 �C overnight.

The IGZO precursor powders synthesized at different pH value
were calcined in the air by heating it to different temperature at
5 �C min�1 and then kept at the temperature for 1 h to obtain
calcined precursor powder. After grinding and sieving, the particle
size of the calcined IGZO precursor powders was determined by
dynamic light scattering method (3000 HAS Zetasizer, Malvern
Instrument), and the specific surface area of the calcined precursor
powder is measured by the surface area and porosimetry analyzer
(BET, Micromeritics ASAP2000). Moreover, Transmission Electron
Microscope (TEM, JEOL, JEM-ARM200FTH, Japan) was used to
observe the microstructures of the calcined IGZO precursor pow-
ders. Finally, the sintered IGZO tablets were fabricated from the
IGZO precursor powders calcined at 900 �C for 1 h. For the tablets,
500 mg of calcined precursor powder was pressed into a disk of
13 mm in diameter under a uniaxial force of 150 kg cm�2 for 10 s,
and then 350 kg cm�2 for 5 min. The IGZO tablets were sintered
from 50 �C to various desired temperatures at 900 �C, 1000 �C,
1100 �C and 1200 �C. The temperature was increased at a rate of



Fig. 2. TEM images of synthesized precursor powder calcined at 900 �C for 1 h at a heating rate of 5 �C/min. (a) The low magnification TEM image, (b) the particle size distribution,
(c) the high-resolution TEM image, and (d) its high-magnification of the lattice with (e) the corresponding fast Fourier transformed pattern of this specimen.
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3 �C min�1. When the desired temperature was reached, the IGZO
tablets were kept at that temperature for various amount of time.
At the end of sintering process, the furnace was switched off and
the sintered disk was naturally cooled inside the furnace. Finally,
the sintered IGZO tablets were examined to obtain their crystal
structure, microstructure, theoretical density and chemical
composition.

The densities of various sintered IGZO tablets were measured
using the Archimedes' method. The crystal structures of various
Fig. 3. X-ray diffraction patterns of IGZO tablets sintered at 900 �C, 1000 �C, 1100 �C
and 1200 �C for 12 h at a heating rate of 3 �C/min in the air.
sintered InGaZnO4 tablets were determined by X-ray Diffraction
Spectrometry (XRD, Bruker, D2 phaser with Xflash 430) using Cu Ka

radiation at 50.0 kV and 300.0 mA. XRD patterns were collected
from 2q between 10 and 80 with a 0.005� step at 5� min�1. The
surface microstructures of sintered InGaZnO4 tablets were studied
by Scanning Electron Microscope (SEM, SEC SNE-4500M). The
molar ratio of In:Ga:Zn in the sintered InGaZnO4 tablets was esti-
mated by Energy Dispersive X-Ray Spectrometer (EDS, Bruker
Quantax EDS with SEM XFlash Detector 410-M). The IGZO tablets
sintered at 1200 �C were also identified by Fourier-Transform
Infrared Spectrometer (FTIR, Bruker Tensor27). For Raman scat-
tering spectra of the sintered IGZO tablets, the specimens were
positioned on a high-resolution piezoelectric stage of Confocal
Raman Microscope (WiTec, Alpha300S) and excited by a HeeNe
laser of 632.8 nm wavelength (25 mW).
3. Results and discussion

The pH control for themultistep co-precipitationmethod played
an important role. In order to prepare the high-purity IGZO nano-
particles, two kinds of precursor powder were co-precipitated from
solutions at different pH of 12.01 and 8.89 respectively. These
powders were calcined at 700 �C, 800 �C, 900 �C, 1000 �C, 1100 �C
and 1200 �C, respectively. The calcined powders were investigated
with XRD as shown in Fig. 1. For the precursor powder synthesized
at pH of 12.01 (Fig. 1(a)), many phases formed with increasing
calcination temperatures from 700 �C to 1200 �C [25], including
ZnO, In2O3, Ga2O3, Zn7In2O10, (ZnO)5In2O3, Zn5In2O8 and IGZO. The
formation of many phases during the calcination process made it
difficult to produce the single phase of IGZO. When the pH of co-
precipitation was over 9.99, the Zn(OH)2 could be re-dissolved in
the solution and reacted with indium ion. Then, it produced a



Table 1
The calculated InGaZnO4 crystallite size sintered at different temperature and time calculated by Scherrer formula.

Calculated crystalline size (nm)

Sintering temp. (oC) 900 1000 1100 1200

Sintering time (hour) 4 6 12 4 6 12 4 6 12 4 6 12

Plane
(101) 18.1 19.7 20.6 22.1 22.8 28.5 38.8 45.9 46.9 59.4 59.4 60.7
(104) 26.6 27.2 29.1 30.9 33.3 36.5 36.3 44.5 44.9 52.9 53.6 54.0
(009) 18.9 19.8 20.0 25.5 26.3 28.0 37.0 41.8 45.0 52.5 53.0 55.0
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precipitate consisting of zinc indium complexes. For the precursor
powder synthesized at pH of 8.89 (Fig. 1(b)), IGZO and In2O3 were
observed with increasing calcination temperatures from 800 �C to
1000 �C. At 1000 �C, a major phase of IGZO combined with a sec-
ondary phase of In2O3 was found. Finally, the single phase of IGZO
was formed when the calcination temperature reached 1100 �C. All
reflections can be indexed as the rhombohedral symmetry struc-
ture [JCPDS No. 38e1104] [26].

In this study, we chose the synthesized precursor powder
calcined at 900 �C to further study because it started to produce
single InGaZnO4 phase and the particle size is smaller than the
other precursor powders with higher calcination temperature
(>900 �C). TEM images of the synthesized precursor powder
calcined at 900 �C are shown in Fig. 2(a), and its particle size is
about 50.13±0.51 nm (Fig. 2(b)). Moreover, the particle size distri-
bution of the precursor powders measured by the dynamic light
scattering method is about 52.9 nm, which is consistent with the
TEM data. In addition, the specific surface area of the calcined IGZO
precursor powder is 20.82 m2/g measured by Surface Area and
Porosimetry Analyzer. The high-magnification images of the lattice
shows that the synthesis parameters and calcination processes
were sufficient to form a highly crystalline structure as shown in
Fig. 2(c,d), and the corresponding fast Fourier transformed pattern
as shown in Fig. 2(e). The (009), (101) and (104) planes are visible
with d-spacings of 3.31, 3.32 and 3.11 Å, respectively. From TEM
data, it suggests that the multistep co-precipitation method plus
Fig. 4. SEM images of InGaZnO4 tablets sintered at (a) 900 �C, (b) 1000 �C, (c)
calcination thermal treatment at 900 �C is sufficient to form the
highly-crystalline IGZO precursor powder.

In order to prepare the high density and highly crystalline IGZO
tablets, a quick screening was carried out to find the optimal sin-
tering temperature. The synthesized precursor powder calcined at
900 �C was pressed to form the tablets and then sintered at various
temperatures and for various amounts of time. The relative den-
sities of various IGZO tablets were measured as shown in Fig. S1.
The densities of IGZO tablets increased as the sintering temperature
and sintering time increased. The IGZO tablets prepared at 1200 �C
for 12 h shows the highest relative density and can even reach to
97.30%. It is indicated that the tablets is suitable for future appli-
cation as sputtering target. The relative density of IGZO disk was
calculated based on the theoretical density of 6.38 g cm�3 by
assuming a rhombohedral symmetry structure with lattice pa-
rameters of a ¼ b ¼ 3.30 Å, c ¼ 26.07 Å, a ¼ b ¼ 90�, g ¼ 120�

[26,27].
The crystal structure of IGZO tablets sintered at different tem-

peratures for 12 h in the air was measured by XRD as shown in
Fig. 3. The intensity of reflections increased as the sintering tem-
perature increased, indicating better ordering of the lattice of IGZO.
With sintering temperature rising up to 1200 �C, single phase of
IGZO with a rhombohedral symmetry structure was the only
product formed. All reflections can be perfectly indexed as the
rhombohedral symmetry structure [JCPDS No. 38e1104] with its
lattice parameters of a ¼ b ¼ 3.35 Å, c ¼ 25.62 Å, a ¼ b ¼ 90�,
1100 �C, and (d) 1200 �C for 12 h at a heating rate of 3 �C/min in the air.



Fig. 5. (a) Fourier transform infrared spectroscopy spectra and (b) Raman spectra of
IGZO tablets sintered in the air at 1200 �C for 12 h at a heating rate of 3 �C/min.

M.-C. Wu et al. / Materials Chemistry and Physics 162 (2015) 386e391390
g ¼ 120� [26]. Moreover, Scherrer equation is a formula that relates
the size of particles, or crystallites, in a solid to the broadening of a
peak in a diffraction pattern as shown in equation (1),

t ¼ Kl
b cosðqÞ (1)

l is 1.54 Å of the wavelength of X-ray, b is the full width at half
maximum of the diffraction peak and K is a constant related to
crystallite shape, normally taken as 0.9. The average InGaZnO4
crystallite size sintered at different temperature and time calcu-
lated by Scherrer formula as shown in Table 1. From the results, we
can observe InGaZnO4 crystallite size increased as the sintering
temperature and time increased. However, when sintering tem-
perature was up to 1200 �C the sintering time effect became more
slightly. Eventually the crystallite size can reach up to 56.54 nm
while sintered at 1200 �C for 12 h and the result also reflected the
relative density of tablet sintered at the same condition was the
highest.

The surface microstructures of IGZO tablets sintered at various
temperatures in the air were observed by SEM as shown in Fig. 4.
For IGZO tablets sintered at 900 �C, it showed many small IGZO
grains. When sintering temperature was at 1000 �C, many
submicro-scale rods started to form on the surface of IGZO tablets.
For IGZO tablets sintered at 1100 �C, it showed long IGZO grains
with size of 1e2 mm. The grain size of IGZO tablets sintered at
1200 �C for 12 h with a heating rate of 3 �C/min in the air is about
3e5 mm. The results indicated that as the sintering temperature
increased, the grain size of IGZO tablets were increased and the
porosity was decreased. Moreover, the elemental analysis of
various IGZO tablets was obtained by Energy Dispersive X-ray
Spectrometer, and the elemental analysis for Ga/In and Zn/In of
IGZO tablets sintered at various temperatures and for various
amounts of time were shown in Table S1. The result indicated that
the chemical composition of IGZO can be controlled by the multi-
step co-precipitation method. In addition, energy dispersive X-ray
spectrum of InGaZnO4 tablet sintered at 1200 �C for 12 h is shown
in Fig. S2, and it showed no impurity in IGZO tablets.

When the sintered temperature rose above 1200 �C, the crystal
phase transformed to InGaZnO4 completely. The IGZO tablets sin-
tered at 1200 �C were also identified by Fourier-Transform Infrared
Spectrometer (FT-IR) and Confocal Raman Microscope equipped
with a 632.8 nm HeeNe laser (25 mW). FT-IR spectrum presented
major bonding, such as (In, Ga, Zn)eO, that was located at around
645 cm�1 as shown in Fig. 5(a) [28]. Raman spectrum also pre-
sented several major Raman bands of M�O vibrations that were
located at 195 cm�1, 385 cm�1, and 655 cm�1 as shown in Fig. 5(b)
[29]. Raman spectrum and FT-IR spectrum are consistent with the
results of XRD data (Fig. 3). In addition, the chemical composition of
IGZO tablets was studied by Energy Dispersive X-Ray spectrometer.
The molar ratio of In:Ga:Zn in our IGZO tablets sintered at 1200 �C
for 12 h is ~1.00:0.92:0.86. The elemental analysis using Energy
Dispersive X-Ray Spectrometer is usually biased toward the heavier
element. The results indicated that the stoichiometry ratio had no
apparent change after thermal treatment at 1200 �C for 12 h.
Finally, we have successfully demonstrated the low cost and
convenient method to prepare IGZO materials which has potential
application as the high quality target materials for the application
of TFT backplane of FPDs.

4. Conclusion

In summary, we adopted various nitrate precursors to synthe-
size the IGZO. These precursors were prepared from metals being
dissolved in nitric acid followed by the low temperature multistep
co-precipitation method. The uniform IGZO precursor powder
calcined at 900 �C for 1 h was prepared successfully and the size of
the particles is about 50 nm. After sintering IGZO tablet at 1200 �C
for 12 h, the relative density can reach as high as 97.30%. Moreover,
from microstructure observation and X-ray diffraction study, it
showed the IGZO grain were large and had a high purity. The IGZO
materials developed in our study has a potential of the high quality
target materials for electronic device application.
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