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Abstract Indium tin oxide films, an important n-type
semiconductor oxide, show great prospects in optoelec-
tronic device applications. Consequently, as a key raw
material of targets for sputtering films, it is important to
prepare low-resistivity indium tin oxide powders. Herein,
low-resistivity indium tin oxide submicro-cubes are synthe-
sized by a seed-assisted coprecipitation method. The effects
of seed content, In** concentration, aging time, reaction
temperature and calcination temperature on resistivity were
investigated by single factor and orthogonal experiments.
To ensure reliability and reproducibility of data, each
experiment was repeated three times and resistivity of each
sample was measured three times to obtain average value.
The results indicated that optimal sample was matched
with cubic phase In,05. The single-crystal indium tin oxide
particles exhibited a regular cubic shape with a size of
nearly 500 nm and low resistivity of 0.814 Q-cm.
Compared with particles prepared by the conventional
coprecipitation method, indium tin oxide submicro-cubes
showed good dispersion. The presence of seed particles
provided nucleation sites with lower energy barriers and
promoted formation of submicro-cubes. The face-to-face
contact among particles and good dispersion contributed to
electron transfer, resulting in lower resistivity. The seed-
assisted synthesis provides a novel way to prepare low-
resistivity indium tin oxide submicro-cubes.

Keywords indium tin oxide, submicro-cubes, resistivity,
seed-assisted  coprecipitation = method, orthogonal
experiment

1 Introduction

In recent years, transparent conductive oxide films have
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been widely explored owing to their potential applications
in optoelectronic devices [1]. Indium tin oxide (ITO)
films, as a representative transparent conducting oxide,
have attracted increasing attention due to their excellent
physical and chemical performance, including low
resistivity, high optical transmittance, wide optical band
gap and high infrared reflectance [2]. Based on the above
performance, ITO films have been a desirable candidate
for flat-panel displays [3], electrochromic devices [4],
light-emitting diodes [5] and electrode materials [6]. It is
worth mentioning that ITO films processed by annealing
procedures are used as flexible low-cost substrates for
materials such polyimide or paper [7,8]. At present, the
mainstream industrial preparation method of ITO films is
direct current magnetron sputtering and the properties of
the films greatly depends on the quality of ITO targets
[9]. Therefore, many aspects of ITO powders as
important raw material of targets have been extensively
investigated. Most studies focus on the preparation and
performance of ITO powders [10], and it has been
reported that the shape and resistivity of ITO powders
have an influence on targets performance [11,12]. When
ITO powders are cubic shape, the face-to-face contact
between particles is beneficial to electron transfer [9].
Moreover, different forms of ITO particles with low-
dimensional and quasi-one-dimensional  structures,
including nano-spheres [13], nano-rods [14], nano-wires
[15] and nano-circles [16], are also important for
optoelectronic device requiring large surface areas [17].
To the best of our knowledge, most scholars have focused
on the preparation of ITO nano-spheres, but there have
been a few studies on the preparation of ITO submicro-
cubes. As a result, it is important to synthesize large-size
cubic ITO powders with low resistivity.

To obtain ITO crystalline powders, many preparation
methods have been proposed including hydrothermal
synthesis [18], solvothermal process [19], sol-gel method
[20] and microemulsion method [21]. Most of the
mentioned methods remain challenges, requiring specific
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apparatuses or complex synthetic routes. As a common
powder preparation method, the chemical coprecipitation
approach with simplicity and readily industrialization has
been extensively utilized to synthesize ITO powders
[22,23]. Seo et al. [22] obtained cubic and rhombohedral
phase nanocrystalline ITO powders using ammonia as a
precipitator at different reaction temperatures and aging
time. Jafari et al. [23] synthesized cubic phase ITO
nanoparticles by the coprecipitation method in the
presence of surfactants of LABS and Triton X-100. Senthil-
kumar et al. [24] prepared cubic phase ITO nanopowders
via a coprecipitation method in mixed solution of
acetylacetone, methanol and water. In these studies, harsh
condition and toxic organic solvents are required for the
preparation of ITO powders, which are environmentally
unfriendly. Moreover, the as-prepared powders have poor
dispersion and serious particle agglomerates [22-24],
which can deteriorate the density and resistivity of ITO
targets. As a consequence, it is urgent to modify
coprecipitation method for the preparation of ITO
powders with low resistivity and good dispersion.

In this paper, the low-resistivity ITO submicro-cubes
were synthesized via novel seed-assisted coprecipitation
method. First, the effects of seed content, In>*
concentration, aging time, reaction temperature and
calcination temperature on the resistivity and morphology
of ITO powders were investigated by single factor
experiment. Whereafter, on the basis of single factor
experiment results, we found the optimum preparation
process combination to obtain low-resistivity ITO
powders under the guidance of orthogonal experiment.
Then, the thermal decomposition process, activation
energy, phase composition, morphology, microstructure
and resistivity of optimal ITO submicro-cubes were
characterized in detail. Finally, the synthesis mechanism
of ITO submicro-cubes was analyzed. Compared with the
existing ITO powders synthesized via the conventional
coprecipitation method, as-prepared ITO submicro-cubes
have advantages of an environmentally-friendly reaction
regimen, low resistivity and good dispersion. This work
provides a novel method to realize large-size and low-
resistivity ITO powders. The ITO submicro-cubes with
low resistivity have great application prospects in the
preparation of ITO targets.
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2 Experimental

2.1 Materials

Metal In (99.99%) was purchased from Liuzhou Smelting
Co., Ltd. Indium nitrate (In(NO;),°4H,0, 99.99%) and
stannic chloride (SnCl,-5H,0, 99.99%) were purchased
from Macklin Biochemical Technology Co., Ltd. NaOH
and urea were analytically pure and purchased from
Beijing Tong Guang Fine Chemicals Co., Ltd.

2.2 Preparation of seed solution

First, 0.2708 g In(NO;),-4H,0 and 0.0323 g SnCl, -5H,0
were dissolved in deionized water (96 mL) to obtain a
mixed salt solution. Under vigorous stirring, 4 mL NaOH
solution (¢ = 0.625 mol-L™!) was added dropwise into the
above solution to adjust the pH to 4.0. Then, the mixed
solution was stirred at room temperature for 6 h to obtain
a slight-white transparent colloidal seed solution.

2.3 Preparation of ITO submicro-cubes

In this work, urea was used as the precipitant. Metal In
(5.0 g) was dissolved in concentrated hydrochloric acid of
10 mL at 80 °C for subsequent experiment. The synthesis
process of ITO submicro-cubes is illustrated in Fig. 1.
First, under continuous stirring, the appropriate amount of
as-prepared seed solution and urea were added into the
freshly prepared mixed salt solution (i.e., In®" and Sn*")
at certain reaction temperatures. In the above mixed
solution, the indium concentration (i.e., 0.02, 0.04, 0.06,
0.08 and 0.1 mol-L™") was adjusted with hydrochloric
acid containing In*" and deionized water, the amount of
SnCl,-5H,0 was fixed according to a mass ratio of
m(In,0,):m(SnO,) = 9:1, where the amount of urea was
designed according to molar ratio of n(urea):n(cation) =
15:1. The addition amount of as-prepared seed solution
was determined in accordance with seed content in the
final ITO powders. Herein, the seed contents were 0, 2, 4,
6 and 8 wt %, respectively. Subsequently, the above
mixed salt solution was stirred at different reaction
temperatures (i.e., 75, 80, 85 and 90 °C) for 2-10 h (i.e.,

Fig. 1 Schematic diagram of ITO submicro-cubes synthesis process.
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2,4, 6, 8 and 10 h). Then, the obtained white precipitate
was centrifuged and washed five times with deionized
water and ethanol, and dried at 60 °C for 4 h. Ultimately,
the precursors were ground and calcined in a muffle
furnace at different calcination temperatures (i.e., 600,
650, 700, 750 and 800 °C) for 2 h to obtain yellow ITO
submicro-cubes.

2.4 Characterization

Thermogravimetric (TG) and differential scanning
calorimetry (DSC) analyses of precursors were performed
in a Mettler Toledo 2+ simultaneous thermal analyzer
with a heating rate of 5, 10, 15 and 20 °C-min~'. The
phase composition of the samples was examined by X-ray
powder diffraction (XRD, D8 Advance) using Cu Ka
radiation (1 =1.5418 A, 40 kV, 40 mA). The morphology
and microstructure of powders were characterized by
scanning electron microscopy (SEM, Zeiss Supra 55),
high-resolution  transmission electron  microscopy
(HRTEM, FEI Tecnai F30-ST) and energy-dispersive
X-ray spectroscopy (EDS) coupled with HRTEM. To
measure the electrical performance of ITO powders, ITO
disks with 10 mm diameter and 2 mm thickness were
prepared by die pressing under 5 MPa. The resistivity was
recorded by four-point probes resistivity measurement
system (RTS-9), and the resistivity of each sample was
measured three times to obtain the average value. Carrier
concentration and mobility were measured three times by
a Hall effect measurement system (LanHai Instrument
Co., Ltd.). Ultraviolet-visible spectrophotometer (UV-
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Vis, Shimadzu UV-3600) was utilized to obtain the
diffusion reflection spectra.

3 Results and discussion

3.1 Effects of preparation process on the resistivity and
morphology

Resistivity is an important parameter to assess the
properties of ITO powders [2]. To obtain low-resistivity
ITO powders, single factor experiment was conducted
and each experiment was repeated three times for
reproducibility and accuracy. Figure 2 shows the effects
of seed content, In>" concentration, aging time, reaction
temperature and calcination temperature on the resistivity
of ITO powders. As shown in Fig. 2(a), the minimum
resistivity of ITO powders occurred at seed content of
6 wt %. In this work, ITO powders were prepared by
thermal dehydration of precursor particles, therefore the
dispersion of precursor particles could affect that of ITO
powders. Also, the larger grain size of precursor particles
was, the larger grain size of ITO powders was. According
to a previous study, the grain size is considered a
significant factor that controls the resistivity of ITO
powders [25]. This is because grain size can affect the
number of grain boundary, namely, the larger the grain
size is, the smaller the grain boundary number is,
resulting in a reduced grain boundary scattering and
improved electron mobility, thus the resistivity of ITO
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Fig. 2 Resistivity of ITO powders as a function of different factors: (a) seed content, (b) In** concentration, (c) aging time,

(d) reaction temperature, and (e) calcination temperature.
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powders decreased [26,27]. In mixed salt solution, the
addition of seed particles composed of indium tin
hydroxide promoted the crystallization of ITO precursor
particles. The crystallinity and grain size of precursor
particles increased with increasing seed content [28],
which is beneficial to obtaining ITO powders with large
grain size and thus decreasing the resistivity. In Fig. 2(b),
the resistivity decreased first and then steadily rose with
In*" concentration increase and reached a minimum value
at 0.04 mol-L~!. With In*" concentration increasing, the
amount of In>" attaching to the surface of seed particles
was increased, which led to the larger grain size of
precursor particles. Unfortunately, excessive In>"
concentration caused serious agglomeration of powders.
It has been reported that the poor dispersion of ITO
powders could result in higher resistivity [29]. Figure 2(c)
shows that the resistivity achieves the lowest value of
3.54 Q-cm at 8 h. Because the grain size of precursor
particles could grow larger with prolonged aging time
[30], the resistivity of ITO powders showed a downward
trend. However, when aging time continued to increase,
the single precursor particles were gathered together due
to the collision between particles [31], which deteriorated
the dispersion of precursor particles, leading to resistivity
increase of ITO powders. Figure 2(d) shows that the
resistivity reaches the lowest point at 80 °C. The
decomposition temperature of urea is 74 °C [32], and
when the reaction temperature is higher than 74 °C, OH™
and CO, can be generated in the solution [33]. The
generation rate of OH™ increased with increasing reaction
temperature, which promoted the increase in grain size of
precursor particles [34]. However, when the reaction
temperature was above 80 °C, excessive generation of
OH™ may cause inhomogeneous growth of precursor
particles, resulting in the poor dispersion and high

Lum PP
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resistivity of ITO powders. As shown in Fig. 2(e), the
resistivity decreased first and then increased with
increasing calcination temperature. It could be clearly
observed that the resistivity was lowest at 750 °C. It has
been reported that rising calcination temperature can
increase the grain size of ITO powders, which is
beneficial for electron transfer and lower resistivity [12].
Nevertheless, when the calcination temperature was
higher than 750 °C, the dispersion of ITO powders
became poor and hard agglomerates were formed [35],
which increased the grain boundary scattering and
resistivity of powders.

Based on above analysis regarding the effects of seed
content, In’" concentration, aging time, reaction
temperature and calcination temperature on the resistivity
of ITO powders, relatively better preparation process is
obtained: seed content is 6 wt %, In>" concentration is
0.04 mol-L !, aging time is 8 h, reaction temperature is
80 °C and calcination temperature is 750 °C. The
minimum resistivity value reaches 1.89 Q-cm under
relatively better preparation process.

To investigate the effect of calcination temperature on
particle size and shape, which further influences the
resistivity of ITO powders, SEM was used to observe the
morphology. Figure 3 shows the SEM images of ITO
powders prepared at different calcination temperatures.
As shown in the figure, when the calcination temperature
was lower than 700 °C, the irregular-shaped ITO powders
had poor dispersion and presented a large number of
agglomerates consisting of smaller particles. With
increasing calcination temperature to 700 °C, the powders
presented a cubic shape, but the particle size distribution
was scattered. When the calcination temperature rose
to 750 °C, the ITO powders evidently became larger
and exhibited a regular cubic shape with a size of

(c)

Fig.3 SEM images of ITO powders prepared at different calcination temperatures: (a) 600 °C, (b) 650 °C, (c) 700 °C, (d) 750 °C,

and (e) 800 °C.
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500-600 nm, and the powder dispersion improved. For
ITO green bodies, taking ITO particle shape into consi-
deration, the electrons could be easily transferred due to
face-to-face contact between large-size cubic particles
[19], which reduced the grain boundary scattering and
was beneficial for lower resistivity. However, with further
increases in calcination temperature to 800 °C, ITO
particles with serious hard agglomerations became larger,
and the particle agglomerations could severely deteriorate
resistivity. According to the above analysis, the results of
SEM analysis are consistent with the tendency of
resistivity in Fig. 2(e).

3.2 Optimal ITO submicro-cubes preparation process by
orthogonal experiment

3.2.1 Orthogonal experiment design and data

Although single factor experiment can explore the effect
of every factor on resistivity, the optimal preparation
process combination of ITO powders synthesized by a
seed-assisted coprecipitation method cannot be obtained.
Orthogonal experiment is a time-saving and economical
approach to investigate multi-factor comprehensive eff-
ects by statistical mathematical analysis. Some represen-
tative points from the overall possible range are selected
to conduct the experiments [36]. As a result, in this work,
orthogonal experiment was adopted to further obtain the
optimal preparation process combination of ITO powders
with low resistivity. Based on the above single factor
experimental results, four factors were selected for
orthogonal experiment optimization: seed content, In>*
concentration, reaction temperature and calcination
temperature, which had more prominent effects on the
resistivity of ITO powders. The negligible interaction
among the four factors was not considered, so an
orthogonal array table L9(3%) was applied to design the
orthogonal experiment [37]. Significantly, the experi-
mental method ignoring the interaction among factors has
been successfully used to explore the optimal preparation
process combination of other inorganic materials
[36,38,39]. Table 1 shows four factors and three levels of
orthogonal experiment, and Table 2 lists the plan and
results of orthogonal experiment. Herein, each sample
was synthesized two times under the same preparation
process combination to ensure the reproducibility, where
R, is the average value of measured resistivity.

Table 1 Factors and levels of orthogonal experiment design

Factor
Level Seed content/ In3* concentration/ Reaction Calcination
Wt % (A) (mol‘L’l) (B) tenlrgr(actl)lre/ terr;%e?]i)tl)lre/
I 2 0.04 75 650
11 4 0.06 80 700
111 6 0.08 85 750
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3.2.2 Range analysis of the orthogonal experiment results

According to the results in Table 2, the optimal
preparation process combination could not be acquired.
Because the range analysis could qualitatively show the
significance degree of each factor on resistivity by
comparing range values and obtain the best process
combination, range analysis was adopted to analyze the
results. Elj, Ezj, E3j and R are four important values in
range analysis, and they are defined as the average
resistivity of three levels for each factor j (j = A, B, C, D)
and the difference between the maximum and minimum
value of K, " Ezj, [_(3j, namely R = K. — K, A larger
R value means that the factor has a greater effect on the
resistivity of ITO powders. Table 3 shows all orthogonal
experimental results and calculation results of range
analysis. For factor A, the average resistivity of I level is
maximal (9.96), and the average resistivity of III level is
minimal (5.68), so the R value of factor A is 4.28. In the
same way, the R values of factors B, C and D can be
obtained. As shown in Table 3, the values of R,, Ry, R¢
and R, are 4.28, 2.40, 2.53 and 6.82, respectively,
indicating that the effect of calcination temperature on the
resistivity of ITO powders is the largest, followed by seed
content, reaction temperature and In’" concentration.
Based on above results, the best preparation process

Table 2 Orthogonal experiment design and results

Factor Resistivity R;/(€2-cm)

No.
A B C D 1 2

1 2 0.04 75 650 14.27 15.39
2 2 0.06 80 700 8.98 9.72
3 2 0.08 85 750 5.86 5.54
4 4 0.04 80 750 4.89 4.58
5 4 0.06 85 650 9.93 9.69
6 4 0.08 75 700 13.63 12.57
7 6 0.04 85 700 8.02 8.25
8 6 0.06 75 750 1.11 1.54
9 6 0.08 80 650 8.08 7.07
Table 3 Range analysis of orthogonal experiment data

Factor Resistivity R;/(€-cm)
No.

A B C D 1 2

1 2 0.04 75 650 14.27 15.39
2 2 0.06 80 700 8.98 9.72
3 2 0.08 85 750 5.86 5.54
4 4 0.04 80 750 4.89 4.58
5 4 0.06 85 650 9.93 9.69
6 4 0.08 75 700 13.63 12.57
7 6 0.04 85 700 8.02 8.25
8 6 0.06 75 750 1.11 1.54
9 6 0.08 80 650 8.08 7.07
Ki; 996 923 975 10.74
Ka; 922 683 722 1020
K3 568 879 788 392
R 428 240 253 682
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combination is A;B,C,D;: seed content is 6 wt %, In**
concentration is 0.06 mol-L™!, reaction temperature is
80 °C and calcination temperature is 750 °C.

3.2.3 Variance analysis of the orthogonal experiment
results

Although range analysis could give the significance
degree of each factor and the best preparation process
combination, the experimental error magnitude could not
be obtained [36]. The variance analysis not only gives
data fluctuation for each factor leading to experimental
error, but also verifies the significance order obtained by
range analysis [38]. It is worth noting that F value is an
important parameter in variance analysis, which could
quantitatively evaluate the significance degree of each
factor. F, is a constant value and could be found from the
distribution table of F-value [36,38,39]. By comparing
the calculated F; value with F, (o= 0.01, 0.05), the factor
effect on experimental results is obtained. All orthogonal
experimental results and calculation results of variance
analysis are listed in Table 4. For variance analysis of
factor A, we could follow the below calculation process.
The sum of squared deviation for factor A (S ,) is:

3
S, = Znh(z_eh —R) = 6279141,

h=1

(1)

where n, is experimental times at the same level of factor
A, R, is average resistivity at the same level of factor A,
and R is average resistivity of all test data. The freedom
degree of factor A (f,) is:

fi=3-1=2. )

The sum of squared deviation generated by repeated
experimental error (S ) is:

S.= ZQ: i(R,-k —R)* =2.21980,

i=1 k=1

)

Table 4 Variance analysis of orthogonal experiment data

N Factor Resistivity R;/(€2-cm)
” A B C D 1 2
1 2 0.04 75 650 14.27 1539
2 2 0.06 80 700 8.98 9.72
3 2 0.08 85 750 5.86 5.54
4 4 0.04 80 750 4.89 458
5 4 0.06 85 650 9.93 9.69
6 4 0.08 75 700 13.63 12.57
7 6 0.04 85 700 8.02 8.25
8 6 0.06 75 750 111 1.54
9 6 0.08 80 650 8.08 7.07
S, 6279141 19.66754 20.68808 17232100 S, =2.21980
f 2 2 2 2 £,=9
F, 127.29140 39.87024 41.93907 349.33080  Fy,,(2.9)=8.02

Fo05(2,9) =4.26
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where R is measured resistivity of each group experi-
ment and R, is average resistivity of each group experi-
ment. The freedom degree of experimental error (f;) is:

f=fi= ) f=0x2-1)-4x2=9, )
F'value of factor A 1is:
F,= Salfa _ O2TOIA/ 7 9140, (5)

T SJf 2.21980/9

In the same way, the sum of squared deviations Sg, S
and S, the freedom degrees f;, f- and f,, and the F
values F, F- and F7, are calculated by the above method.
As shown in Table4, the effects of calcination
temperature (factor D), seed content (factor A), reaction
temperature (factor C) and In*" concentration (factor B)
on the resistivity of ITO powders are prominent (£, > F',
> Fe > Fg > F,,). The results of variance analysis
correspond to those of range analysis, which means that
the factor effect sequence on resistivity as follows:
calcination temperature > seed content > reaction
temperature > In>* concentration.

3.3 Characterization of optimal ITO submicro-cubes

To confirm the best process combination obtained by
orthogonal experiment, three times repeated experiments
were conducted to synthesize the ITO submicro-cubes
under the optimal preparation process combination, and
the sample was characterized systematically. Figure 4
presents the phase composition of the optimum sample
and thermal decomposition of precursors. The XRD
pattern of precursor and as-prepared sample synthesized
under the optimal preparation process is shown in Fig.
4(a). It could be seen that all diffraction peaks of the
precursor corresponded well with those of the cubic phase
In(OH), (JCPDS No. 73-1810), and there were no other
impurity phases. When In(OH), precursors were calcined
at 750 °C for 2 h, In(OH); completely transformed to the
cubic phase In,O, (JCPDS No. 06-0416). No traces of
any secondary phase could be seen in the XRD pattern,
indicating that Sn*" was completely incorporated into the
main lattice of In,O;. The sharp diffraction peaks of
(222), (400), (440) and (622) demonstrated the high
crystallinity of as-prepared ITO powders. Figure 4(b)
displays the TG-DSC curves (at 20 °C-min"! heating rate)
of the precursors, showing three mass loss stages. The
first mass loss observed at low temperature (before 100 °C)
was attributed to the evaporation of ethanol and surface
water. The second mass loss from 100 to 600 °C could be
assigned to thermal dehydration from hydroxide precur-
sor to oxide, accompanied with a weak endothermic peak
at 288 °C [40]. This decomposition process resulted in an
experimental mass loss value of 16.29%, which was close
to theoretical mass loss value of 16.28% caused by the
dehydration in 2In(OH); — In,O; + 3H,0(g) [41]. The
TG-DSC data agreed well with the XRD pattern, which
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also demonstrated the formation of In(OH), precursors.
No further mass loss was observed above 600 °C in the
TG curve, suggesting that the ITO phase was completely
formed.

The thermal decomposition process of solids has been
the focus of many kinetics studies. In the seed-assisted
coprecipitation synthesis of ITO powders, indium tin
hydroxide precursors as the intermediate can be
decomposed by high-temperature calcination. In addition,
the TG curve was very sharp (see Fig. 4(b)), indicating
that the thermal decomposition process quickly took place
[42]. As a result, it is essential to thoroughly know the
energy requirement in calcination process of precursors.
However, to the best of our knowledge, there have been
few reports on the thermodynamic behavior of indium tin
hydroxide decomposition. Figure 5 shows the thermal
analysis kinetics of the indium tin hydroxide precursor.
The activation energy in decomposition process was
investigated using the TG technique (Fig. 5(a)). The
activation energies for different conversions are
calculated by the Flynn—Wall-Ozawa (FWOQO) method,
which is useful for the complex decomposition reaction.
The FWO equation is as follows [43]:

AE E
IgB8=1 -2.315-0.4567—, 6
& g(RG (a)) RT ©
(@) (222)
(400) (440)
72 As-prepared
2z
g
g
Precursor
In,0; JCPDS No.06-0416
In(OH), JCPDS No.73-1810
20 3l0 4l0 5‘0 6IO 7l0 80
20/(°)

TG/%
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where £ is heating rate (K-min~'), 4 is the pre-exponen-
tial factor, E is the activation energy (kJ-mol™"), R is the
gas constant (8.3145 J-mol™"-K™), G(«) is the mechanism
function, a is the degree of decomposition (%), T is the
absolute temperature (K). The activation energy for
different conversions can be calculated according to the
slope of line derived by the linear fitting relationship of
lg B versus 1/T (Fig. 5(b)). As shown in Fig. 5(c), the
activation energy is dependent on conversion degree, and
the activation energy of thermal decomposition process
changed with different conversions. The average
activation energy of decomposition process was
164.085 kJ-mol~!. These results show that the dehydra-
tion decomposition of indium tin hydroxide precursors is
a multi-step kinetic reaction process.

The detailed morphology and microstructure are
presented in Fig. 6. Figure 6(a) shows approximately
500 nm, well-dispersed and cubic-shaped ITO powders.
The result was close to the observation obtained in
Fig. 3(d). The HRTEM image of ITO powders presented
that the measured lattice spacing value (0.25 nm) corres-
ponded with the typical d-spacing of (400) lattice plane
attributed to cubic phase In,O; (Fig. 6(b)). Due to the
incorporation of Sn*' into In,0, lattice, the measured
lattice spacing was a little lower than the standard value
of 0.2529 nm (JCPDS No. 06-0416) [44]. As shown in

(b) 80
] e
I 222%
----------- 60
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40;E
01 116.29% £
20 3
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100 200 300 400 500 600 700 800
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Fig. 4 The phase composition of the optimum sample and thermal decomposition of precursors: (a) XRD pattern, (b) TG-DSC

curves of precursors.
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Fig. 5 Kinetic analysis of precursors: (a) TG curves of precursor powders at different heating rates, (b) linear fitting relationship of
Ig S versus 1/T corresponding to different conversions, and (c) activation energies at different conversions.
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Fig. 6 The morphology and microstructure of ITO powders: (a) SEM image, (b) HRTEM image showing (400) plane with
d-spacing of 0.25 nm, (c) SAED pattern, (d) HAADF-STEM image, EDS elemental mapping images of (e) In, (f) Sn, and (g) O,

(h) EDS spectrum.

Fig. 6(c), the as-prepared ITO powders exhibited a
highly-ordered single crystalline structure. The diffraction
spots agreed well with the (222), (110) and (132) planes
of cubic phase In,O, without any diffraction spots of
other oxides, which was the same as that reported in
previous study [45] and further confirmed to as-prepared
ITO powders with single cubic phase structure. The high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) measurement was used to
analyze the elemental distribution of ITO powders. As
displayed in Figs. 6(d—g), three representative In, Sn, and
O mappings indicate that the elements all had
homogeneous distributions in single ITO grain. EDS
spectrum was used to measure the elemental content of
as-prepared ITO powders. Figure 6(h) presents that the
mass ratio of In and Sn is 9.43:1, which agrees with the
experimental additions.

Hall effect measurement was applied to obtain a
detailed understanding of the electrical conductivity of as-
prepared ITO powders. Figure 7 shows the electrical
conductivity and comparison of the resistivity. The

column chart of resistivity, carrier concentration, and
mobility is displayed in Fig. 7(a). ITO powders showed a
resistivity of 0.814 Q-cm, carrier concentration of 2.52 x
10" cm™ and mobility of 3.05 x 103 cm?>V~!-s7!. The
resistivity of as-prepared ITO powders was comparable to
or lower than those reported in the literature
[2,22,24,34,46—48], as shown in Fig. 7(b). Because the
large-size ITO powders showed cubic shape and good
dispersion (see Figs.3(d) and 6(a)), the contact area
among particles was increased by press molding. It has
been reported that the face-to-face contact among cubic
particles contributes to electron transfer [9,19] and the
good dispersion of powders is conducive to decreasing
resistivity [29], so the as-prepared ITO powders showed
high electron mobility and low resistivity. Furthermore,
the carrier concentration had considerable effect on the
optical band gap of ITO [49], therefore the band gap of
as-prepared ITO powders was obtained by UV—Vis
diffusion reflection spectra. Figure 7(c) shows the typical
diffusion reflection spectra, and a corresponding
absorption spectra of ITO powders was exhibited in the
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Fig. 7 (a) Column chart of resistivity, carrier concentration and mobility; (b) comparison of the resistivity for different preparation
methods; (c) UV—Vis diffusion reflection spectra (insert of absorption spectra); (d) plot of (ahv)? as function of Av.

insert according to Kubelka—Munk relationship. The band
gap value obeys the following equation [50]:

(@hv)’ = A(hv - E,). (7)

Here, a is the absorption coefficient, v is the photon
energy, A is the constant restricted by the valence and
conduction band of material, and E, is the optical band
gap. By linearly fitting on the edge of the corresponding
curve, the intersection of the straight linear region on the
hv axis of the plot of (ahv)? versus hv provides the E,. As
shown in Fig. 7(d), the E, value of 3.423 eV was slightly
lower than that of intrinsic material (3.75 eV) [51] and
comparable to that reported in the literature [52]. The
difference in band gap may be related to the Sn doping
and defect of oxygen deficiency [52].

3.4 Synthesis mechanism of ITO submicro-cubes

Based on above results and analysis, the seed-assisted
coprecipitation synthesis is a promising method for the
preparation of large-size cubic-shaped ITO powders.
Therefore, the seed-assisted coprecipitation synthesis
mechanism of ITO powders is worthy of further
exploration. Figure 8 illustrates the schematic diagram for
the synthesis mechanism of large-size cubic precursor

particles. The seed-assisted coprecipitation method takes
advantage of the seed particles with low energy barriers,
where the metal ions (i.e., In** and Sn*") and OH™ can
preferentially attach to the surfaces of seed particles and
grow into large-size indium tin hydroxide precursor
particles.

Figure 9 shows the morphology of seed particles and
precursor particles. First, the low-concentration indium
tin hydroxide seed solution was prepared by the
conventional coprecipitation method with In(NO;),,
SnCl, and NaOH as starting materials. The seed particles
show a quasi-cubic shape with estimated particle size of
50 nm (Fig. 9(a)). Normally, under heating condition, the
urea gradually decomposes to generate OH™ (Eq. (8))
[33], which causes free metal ions to directly form indium
tin hydroxide precursors in the solution. However, due to
the presence of seed particles, the free metal ions and
OH™ can preferentially attach to the surfaces of seed
particles to further generate hydroxide precursor. That is
attributed to seed particles with the same chemical
composition exhibiting lower energy barriers for
nucleation and thus promoting the formation and
crystallization of indium tin hydroxide [53].
Subsequently, the epitaxial growth of precursor particles
on the center quasi-cubic seed particles occurs under
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Fig. 8 Schematic illustration of the formation mechanism of large-size cubic precursor particles.

Fig. 9 The morphology of seed particles and precursor particles: (a) seed particles (TEM); (b) precursor particles (SEM).

heating condition [54], which results in the formation of
large-size cubic precursor particles. Figure 9(b) presents
the SEM image of indium tin precursor particles, in
which the seed particles are contained and the particle
morphology is shown to be nearly cubic-like. It has been
reported that the shape of precursor particles could be
controlled by the synthesis temperature without
templates, in other words, the cubic-shaped indium tin
hydroxide particles are easily formed at 80 °C [55].
Finally, the precursor particles dehydrate to generate ITO
powders at high calcination temperature, and ITO
powders inherit the shape of precursor particles (see Fig.
6(a)), which has been reported in the literature [55].

(NH,),CO + 3H,0 = 2NH," +20H +CO, T (8)

4 Conclusions

In this work, low-resistivity ITO submicro-cubes were
synthesized by a simple seed-assisted coprecipitation
method. Each single factor experiment was conducted
three times for reliability and reproducibility, and the
resistivity of each sample was measured three times to
obtain the average value. Based on the results of single
factor experiment, four factors with prominent influence,
including seed content, In’" concentration, reaction
temperature and calcination temperature, were chosen for
further orthogonal experiment optimization. Optimal
preparation process combination was obtained: seed
content was 6 wt %, In>" concentration was 0.06 mol-L~,
reaction temperature was 80 °C, and calcination
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temperature was 750 °C. The results showed that the
average activation energy of decomposition ITO
precursors was 164.085 kJ-mol™!. The optimal and well-
dispersed powders were indexed to cubic phase In,0, and
presented a cubic shape with a size of nearly 500 nm and
low resistivity of 0.814 Q-cm. The preparation process
and the performance of sample had good reproducibility
and reliability. The synthesis mechanism of ITO
submicro-cubes was also systematically analyzed. The
seed-assisted coprecipitation method took advantage of
the seed particles with low energy barriers, the metal ions
(i.e., In*" and Sn*") and OH™ could preferentially attach
to the surfaces of seed particles, thus promoting epitaxial
growth of large-size precursor particles and formation of
ITO submicro-cubes. Notably, the face-to-face contact
among particles and good dispersion were found to play
major roles in electron transfer, which led to the low
resistivity of ITO submicro-cubes. Compared with the
traditional coprecipitation method, this strategy is a
valuable approach for the preparation of low-resistivity
and large-size ITO particles. The resultant ITO submicro-
cubes could be used to prepare high-performance ITO
targets to film sputtering.
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