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ABSTRACT The production of nano-sized semiconductor oxide materials, such as indium-gallium-zinc oxide
(IGZO), will make it possible to use it for the transistors manufacture using printing methods. The sol-gel
method is one of the widely known and used methods for producing nano-sized oxide materials. As is known,
a chelating reagent (complexing agent) can influence both the synthesis process and the final phase com-
position. The results of sol-gel synthesis with various chelating reagents: citric acid, ethylene glycol, oxalic
acid, urea, glycerol and sucrose are presented. The samples were studied by X-ray diffraction. It was found
that ethylene glycol and glycerol as chelating reagents make it possible to obtain a homogeneous crystalline
material at 900 ◦C with a YbFe2O4-type structure, R-3m (166) space group. Unit cell parameters and crystallite
size (Halder-Wagner method) for InGaZnO4 single-phase samples were calculated.
KEYWORDS indium-gallium-zinc oxide, In-Ga-Zn-O, IGZO, sol-gel method, complexing agent, chelating reagent,
phase formation, nanomaterial
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1. Introduction

Sol-gel technology makes it possible to obtain micro- and nanoparticles, including InGaZnO4 material. Nanosized
indium-gallium-zinc oxide (IGZO) production is extremely important, since it opens up the possibility of its use as an ink
material for transistors printing [1–5].

Sol-gel technology is widely known. The most widely used technology, called the “Pechini method” or the “citrate
gel” method, was patented by Maggio Pechini in 1967 [6]. Pechini proposed a method for titanates, zirconates, niobates
of lead and alkaline earth metals obtaining. The method used a chelate reagent solution (citric acid in ethylene glycol)
and the required oxide of metal, by evaporating the solvent, a transparent “gel” (the “resin” in original) was obtained,
which was then heated to temperatures of 575 – 730 ◦C to obtain the final product. This synthesis method began to be
successfully used to obtain other oxide materials later [7].

The literature contains a significant number of terms that essentially describe the same process, for example, “sol-gel
method” [8], “sol-gel auto-combustion method” [9], “solution combustion synthesis” [10], “self-propagation combustion
method” [11], “...mediated sol-gel combustion method” [12] (there is no common terminology). These terms often de-
scribe the same process in which desired metal nitrates react with organic complexing agents (which are also organic
“fuels”) in an aqueous solution, after which a gel is formed. After this, the resulting material is slowly heated to the
auto-combustion stage, during which nitrates act as the organic components oxidizers. The material obtained as an auto-
combustion stage result described as a xerogel in the literature. The xerogel is ground and heated to remove the formed
carbon to obtain the final material (with the required crystallinity).

When producing oxide materials by the sol-gel method, one chelating reagent is often used; two or more reagents are
used less often. Also, the choice of a specific chelating reagent always remains unfounded. However, works that present
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the study of several chelating reagents under the conditions of “sol-gel” synthesis have been found [13–15], but these
studies are scarce and we have not found the preparation of IGZO with various chelating reagents in the sol-gel process
in the literature.

The purpose of this work is to search for suitable complexing agents to obtain homogeneous InGaZnO4 samples at a
minimum temperature (to obtain IGZO nanoparticles).

2. Methodology of experimental research

The synthesis of InGaZnO4 by sol-gel method was carried out according to the method below. Indium(III) ni-
trate 4.5-hydrate In(NO3)3 · 4.5H2O, gallium(III) nitrate nonahydrate Ga(NO3)3 · 9H2O, zinc(II) nitrate hexahydrate
Zn(NO3)2 · 6H2O, citric acid, ethylene glycol, glycerol, urea, sucrose and oxalic acid was used for synthesis. All compo-
nents were chemically pure. All metal nitrates used in the synthesis were preliminarily gravimetrically calcined at 800 ◦C
for 12 hours. A correction was introduced into the nitrate samples according to gravimetric data. Reagents were weighed
on a Scientech SA 80 analytical balance with an accuracy of 0.1 mg. Stirring, heating, and evaporation of solutions were
carried out on a magnetic stirrer with heating Stegler HS Pro-DT. Further heating of the samples was carried out in a
Nabertherm L9/12/P330 muffle furnace with a programmable temperature controller.

The masses of metal nitrates were calculated to achieve a molar ratio of In3+:Ga3+:Zn2+ = 1:1:1 in the product (the
error in taking a sample of nitrates in all cases was no more than ±0.001 g). The mass of salts was calculated to obtain
2.00 g of InGaZnO4. The molar ratio of metal ions to complexing agent was chosen as Mex+/ complexing agent = 1:3.
Weighed amounts of salts and complexing agent were separately dissolved in distilled water with stirring. After this, an
aqueous solution of a complexing agent was added to the aqueous solution of nitrates and it was evaporated with intense
stirring to a viscous gel. Next, the material was placed in a muffle furnace and subjected to heat treatment to remove
residual water and initiate an auto-combudtion reaction according to the following heating program: (i) heating up to
100 ◦C for 1 hour and holding at this temperature for 2 hours; (ii) heating up to 150 ◦C for 1 hour and holding at this
temperature for 2 hours, (iii) heating up to 200 ◦C for 1 hour and holding at this temperature for 2 hours, (iv) cooling the
samples in air and grinding to the powder, (v) heating up to 500 ◦C for 90 minutes and holding at this temperature for 6
hours, (vi) cooling samples in air, if necessary, taking part of the sample obtained at 500 ◦C for 6 hours and sintering at
700, 900 or 1000 ◦C for 12 hours, cooling the samples in air. Each of the syntheses was assigned a corresponding code:
IGZO-1 for citric acid, IGZO-2 for ethylene glycol, IGZO-3 for oxalic acid, IGZO-4 for urea, IGZO-5 for glycerol and
IGZO-6 for sucrose.

X-Ray diffraction (XRD) studies were carried out on a Rigaku Ultima IV powder X-ray diffractometer (CuKα, 40 kV,
30 mA; λ = 0.15406 nm, energy-dispersive semiconductor detector Rigaku D/teX Ultra) at a recording speed of 5 ◦/min.
Before studies, the samples were ground in an agate mortar to the fine powder. Qualitative analysis was carried out using
the STOE Win XPow software package. Lattice parameters refinement and crystallite size determination was carried out
in the Rigaku PDXL software package by WPPF (whole-powder-pattern fitting) method. To refine the unit cell parameters
of IGZO single-phase samples, diffraction patterns were recorded at 2 ◦/min speed. The crystal structure of InGaZnO4

was visualized using the VESTA software package [16]. Scanning electron microscopy (SEM) was carried out on a
Jeol JSM 7001F scanning electron microscope (accelerating voltage = 20 kV, a conductive gold layer was deposited on
the substrate by magnetron sputtering). Transmission electron microscopy (TEM) was carried out on a high-resolution
transmission microscope JEOL JEM-2600 at a 160 kV accelerating voltage.

3. Results and discussion

Structurally, InGaZnO4 corresponds to the YbFe2O4 compound of the rhombohedral system with R-3m (166) space
group [17]. The prototype contains di- and trivalent iron, which is conveniently represented by the formula
Yb3+Fe3+Fe2+O4. In InGaZnO4 structure, indium occupies ytterbium sites, gallium occupies Fe3+ sites, and zinc oc-
cupies Fe2+ sites [18]. In the structure of InGaZnO4, layers can be distinguished. In a separate layer, indium atoms are
located in a distorted InO6 octahedron, and zinc and gallium atoms are in a separate layer in the center of the MO5 trigonal
bipyramid, where M is Zn or Ga (Fig. 1). Note that the distribution of gallium and zinc in one layer is not distinguishable
by X-ray diffraction; for this reason, it is shown in Fig. 1 in the structural model, the positions of gallium and zinc were
assumed to be equally probable. The diffraction pattern calculated for InGaZnO4 based on literature data [19] is in good
agreement with experiment (Fig. 2).

Diffraction patterns of the obtained InGaZnO4 samples are presented in Figs. 3 – 8. It can be seen that in all cases,
except for the IGZO-3 sample, the reflections of the main phase correspond to InGaZnO4 [17]. The obtained diffrac-
tion patterns were analyzed for the presence of possible impurity phases in the material, such as In2O3 with a bixbyite
structure [20], Ga2O3 of various modifications, ZnO, as well as binary compounds (In–Ga–O, In–Zn–O, Zn–Ga–O, for
example ZnGa2O4 [21]) and ternary (In–Ga–Zn–O) oxide systems.

The numbers in brackets correspond to the Miller indices of the corresponding plane on the Fig. 7. It should be noted
that for most samples there is an overlap of the most intense reflections of InGaZnO4 and In2O3. Thus, for InGaZnO4

and In2O3, the main reflections have Miller indices of 009 and 104, located in the diffraction pattern at 30.8 and 31.0 ◦2θ,
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FIG. 1. Structural model of the unit cell of InGaZnO4 consisting of InO6 octahedra and MO5 trigonal
bipyramids, where M is Zn or Ga

FIG. 2. Comparison of experimental and calculated diffraction patterns of InGaZnO4. The calculation
was performed in the VESTA software package based on data [19]
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FIG. 3. XRD pattern of IGZO-1 prepared at 500, 700 and 900 ◦C. Black lines – InGaZnO4 [17], red
line – In2O3 [20]

FIG. 4. XRD pattern of IGZO-2 prepared at 500, 700 and 900 ◦C. Black lines – InGaZnO4 [17]

FIG. 5. XRD pattern of IGZO-3 prepared at 500, 700 and 900 ◦C. Black lines – ZnGa2O4 [21], red
lines – In2O3 [20]
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FIG. 6. XRD pattern of IGZO-4 prepared at 500, 700 and 900 ◦C. Black lines – InGaZnO4 [17], red
line – In2O3 [20]

FIG. 7. XRD pattern of the IGZO-5 sample obtained at temperatures of 500, 700 and 900 ◦C. Black
lines – InGaZnO4 [17]

FIG. 8. XRD pattern of the IGZO-6, prepared at 500, 700 and 900 ◦C. Black lines – InGaZnO4 [17],
red lines – In2O3 [20]
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respectively. Therefore, to detect In2O3 impurities in the composition of samples, use a less intense reflection, recorded
at about 51.0 ◦2θ and corresponding to reflection from the (440) plane.

First consider the XRD results of non-single-phase samples. XRD patterns of IGZO-4 and IGZO-6 follow that they
are a mixture of InGaZnO4 and In2O3. Note that reflections corresponding to In2O3 appear in the IGZO-4 sample obtained
at 500 ◦C, while the IGZO-6 sample at this temperature is still amorphous and does not contain crystalline phases. An
increase in the sintering temperature causes an increase in the crystallinity of both the InGaZnO4 and In2O3 phases. This
can be seen from the decrease in the width of the reflections of these phases. In this case, the formation of a single-phase
sample does not occur even at a temperature of 900 ◦C.

IGZO-3 at 500 ◦C is also non-single-phase sample. The main phases are solid solutions based on In2O3 [20] and
ZnGa2O4 [21]. When the sintering temperature increases to 900 ◦C, reflections corresponding to the InGaZnO4 phase
appear, but its amount in the composition of this sample is minimal. Apparently, when using oxalic acid, individual
metal oxalates are formed, for example: Zn(C2O4), Ga2(C2O4)3 and In2(C2O4)3. Thus, when a solution of oxalic acid
was introduced into a solution of metal nitrates, a white precipitate immediately formed, while other solutions remained
transparent.

Samples IGZO-1, IGZO-2 and IGZO-5 are closest to the single-phase state. IGZO-1 sample obtained at 500 ◦C is a
mixture of an amorphous material with crystalline indium oxide In2O3 (Fig. 3). However, as the temperature increases,
the intensity of the In2O3 reflections decreases and for the sample obtained at 900 ◦C, their intensity becomes extremely
low.

The IGZO-2 sample obtained with ethylene glycol at 500 ◦C is amorphous; at 700 ◦C – slightly crystallized. At these
temperatures, no foreign phases were detected, however, the sample obtained at 900 ◦C contains foreign reflections at
27.7, 28.3 and 49.9 ◦2θ, which could not be identified (Fig. 4). The same reflections appear in the diffraction patterns of
IGZO-1 and IGZO-5 obtained at 900 ◦C.

In order to achieve homogenization at higher temperatures, samples IGZO-1, IGZO-2 and IGZO-5 were additionally
kept at a temperature of 1000 ◦C for 12 hours. The XRD pattern of samples are presented in Figs. 9 – 11.

FIG. 9. XRD pattern of IGZO-1 prepared at 1000 ◦C. Black lines – InGaZnO4 [17], red line – In2O3 [20]

As can be seen from the obtained XRD pattern (Figs. 9 – 11), for all samples, with increasing processing temperature,
their crystallinity increases. Thus, the half-width of the reflection of the main phase of the IGZO-2 sample, located at about
34.2 ◦2θ, decreases when heated from 700 to 900 and 1000 ◦C, respectively, from 0.63 to 0.21 and further to 0.17 ◦2θ.
For IGZO-1 and IGZO-5 samples, the decrease in the half-width of the reflection around 34.2 ◦2θ occurs in a similar way.
Calcination at higher temperatures is not advisable, since this will cause growth and sintering of particles [22, 23], which
will negatively affect the possibility of using this oxide material for the further production of nanopowders.

For IGZO-2 and IGZO-5 samples obtained at 700 and 900 ◦C and containing the least amount of impurities, the cell
parameters and crystallite size were calculated (Tables 1 and 2). For the InGaZnO4 material obtained at 1450 ◦C for 24
hours [17], the cell parameters are slightly smaller (a = 3.295 Å, c = 26.07 Å) than at 700 and 900 ◦C, but in general
they coincide well with them. The crystallite size was calculated using the Halder-Wagner method [24] using the six most
intense reflections (Fig. 12).

Figure 13 shows SEM and TEM micrographs of the IGZO-5 sample obtained at 500 ◦C for 6 hours. Both photographs
clearly show that the material is an agglomerate of nanoparticles. SEM microphotography suggests that the size of most
particles present in the cluster is less than 100 nm, but their exact size is difficult to determine. As can be seen from the
TEM micrograph, the material actually consists of a large accumulation of particles, most of which have a size of about
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FIG. 10. XRD pattern of IGZO-2 prepared at 1000 ◦C. Black lines – InGaZnO4 [17]

FIG. 11. XRD pattern of IGZO-5 prepared at 1000 ◦C. Black lines – InGaZnO4 [17]

TABLE 1. Unit cell parameters of homogeneous InGaZnO4 samples

No. Sample Unit cell parameters

a, Å c, Å a, Å c, Å a, Å c, Å

Sintering temperature 700 ◦C 900 ◦C 1000 ◦C

1 IGZO-1 3.300(3) 26.17(3) 3.298(2) 26.11(2) 3.295(2) 26.13(2)

2 IGZO-2 3.307(3) 26.15(3) 3.296(2) 26.11(2) 3.295(2) 26.11(2)

3 IGZO-5 3.317(5) 26.11(4) 3.297(3) 26.11(2) 3.297(2) 26.14 (2)

TABLE 2. Crystallite sizes of homogeneous InGaZnO4 samples

No. Sintering temperature 700 ◦C 900 ◦C 1000 ◦C

1 IGZO-1 68 ± 9 221 ± 30 466 ± 59

2 Crystallite size (Å) IGZO-2 50 ± 8 439 ± 68 579 ± 124

3 IGZO-5 54 ± 6 242 ± 32 406 ± 56
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FIG. 12. Illustration for calculating crystallite size using the Halder–Wagner method for IGZO-5 ob-
tained at 1000 ◦C

FIG. 13. SEM- (a) and TEM-image (b) of IGZO-5 prepared at 500 ◦C for 6 hours

20 – 30 nm, but there are areas where the particle size is much smaller. At the same time, it is worth saying that the
material does not have a specific morphology. It was shown that indium gallium zinc oxide nanoparticles were obtained.

4. Conclusions

It has been shown that the use of various complexing agents in the sol-gel method affects the phase composition
of the product in the In–Ga–Zn–O system. The best complexing agents for producing InGaZnO4 by the sol-gel method
are ethylene glycol and glycerol. The samples obtained using ethylene glycol and glycerol have an amorphous structure
at 500 ◦C and a high degree of crystallinity at 700 – 900 ◦C. The use of citric acid as a complexing agent is relatively
successful, but temperatures above 1000 ◦C are required to completely homogenize the sample. This casts doubt on the
use of this complexing agent for the production of InGaZnO4 ternary oxide nanoparticles. The use of urea and sucrose
results in indium gallium zinc oxide contaminated with indium oxide phase. The use of oxalic acid results in the formation
of a three-phase product. The samples have a crystallite size in the nano-region at temperatures of 500 – 700 ◦C, that was
confirmed and demonstrated for IGZO-5 (500 ◦C, 6 h) sample by SEM and TEM method.
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