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ABSTRACT The study for the first time presents a method for producing indium-gallium-zinc oxide InGaZn,0Os
using the nitrate-tartrate complex decomposition method. The material is characterized by X-ray diffraction,
electron microscopy, IR- and UV-spectroscopy. It has been established that the use of tartaric acid as a
precursor already at a temperature of 500 °C leads to the formation of a single-phase homogeneous material
consisting of nanocrystalline particles in the form of micrometer agglomerates. The proposed method for
producing nanoparticles can be used in the future to produce semiconductor inks based on IGZO.
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1. Introduction

At present, several main areas of work can be distinguished for obtaining semiconductor materials for further use in
semiconductor devices:

1) obtaining one-dimensional Si nanostructures [1];

2) obtaining nano-sized one-dimensional structures of GaAs [2], GaN [3], InAs [4] and others;

3) obtaining metal chalcogenides (MoSs [5], WSe, [6], etc.) with two-dimensional morphology;

4) obtaining semiconductor oxide materials (indium tin oxide ITO [7], indium zinc oxide IZO [8], etc.).

Each of these areas covers its own place in terms of material use in the final device. The creation of functional
materials for use in electronics, with the aim of developing them towards miniaturisation, is a priority for many research
teams around the world. In parallel, the development of printed and flexible electronics is progressing [9—12].

For practical applications, one of the promising oxide materials is amorphous indium gallium zinc oxide [13-15]
(a—IGZO of various compositions). IGZO (in amorphous state) compares favorably with traditional amorphous silicon
due to its higher properties (for example, charge mobility and optical transparency), which ensures both high electrical
stability of the material and the flexibility of thin-film transistors based on it. Historically, the possibility of using IGZO as
a component to create an electronic device was first demonstrated in the pioneering work of Japanese researchers Nomura
and his colleagues [12]. However, in this work, a thin-film transistor was obtained using a single-crystal IGZO layer of the
composition InGaO3ZnOs5 on a substrate of single-crystal ZrO» (stabilized by Y50Os3). Later, the amorphous state of IGZO
was also studied. The most promising use of this material was found to be in the form of amorphous thin films [16, 17].

Thin film transistors are used in the new generation of flat panel displays [14, 16—19] and form the basis of devices
in all digital systems. Their characteristics, such as carrier mobility (1), threshold voltage (Vy,), on/off current ratio
(Ion/Iof r) and subthreshold swing (SS) depend largely on the properties of the semiconductor channel and are determined
by the chemical composition, crystallinity, film thickness and the method of obtaining the thin film.

Currently, organic structures are the most popular semiconductors for the production of flexible microelectronic de-
vices. They have become widespread due to the use of high performance technological printing processes and the good
quality of the inks produced for printing, the possibility of producing final devices at low temperatures and excellent
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compatibility with flexible substrates [20-27]. However, despite these undoubted advantages, the use of organic semi-
conductors as ink material is limited because final devices on such semiconductors have low technical characteristics, in
particular, the mobility of charge carriers in devices using organic semiconductors does not usually exceed 1...2 cm?/V s,
which does not allow them to be used for high-power devices. The aspect described above leads to the use of other mate-
rials. One of them can be a group of amorphous oxides, for example the ternary oxide IGZO, which has a sufficient set
of characteristics of the final device and can be obtained by printing methods. There are several approaches to obtaining
materials that would be suitable for ink production. One of these approaches is to obtain “true” non-aggregated nanopar-
ticles in solution and then stabilize them with surfactants to obtain semiconductor ink. For example, there are a number
of papers [28,29] in which the authors have succeeded in obtaining oxide nanoparticles MeFe2O4 (Me = Mn, Co, Fe)
(8...12 nm) of different morphologies (in the form of cubes or hexagons) using Me-acetylacetonate surfactant-mediated
decomposition method (the original article did not propose a short name for the method). Theoretically, the use of this
synthesis method will potentially allow the stabilized colloidal solutions obtained to be used directly as an ink, without
the step of adding surfactants. At the same time, to the best of our knowledge, the described method has not yet been used
to obtain indium-gallium-zinc oxide nanoparticles. Despite the excellent results of the Me-acetylacetonate surfactant-
mediated decomposition method, which allows obtaining monodisperse nanoparticles, it is poorly scalable, which will
lead to difficulties in introducing it into the technological chains of production of these inks in industry.

Another approach is to synthesize nanoparticles using a scalable technology (including solid-phase synthesis [30]),
convert the resulting particles to a powder state (in which the nanoparticles are aggregated into large agglomerates) and
separate the resulting aggregates using ultrasound treatment or milling methods. This method is not without its drawbacks
- during the final stage of milling, it is difficult to obtain a fraction of nanoparticles (their total mass in the final product
after milling is about several percents), in addition, the particle size distribution at the final stage of milling becomes
random. The above approach can be implemented using the method of decomposition of an organometallic complex (gel)
(often called the sol-gel or “solution combustion” method; in the case of using citric acid as a complexing agent, the name
“citrate-nitrate” method is common). The essence of the method is to prepare solutions of nitrates of the required metals,
form a complex, heat the resulting mixture to remove water and initiate an exothermic self-sustaining oxidation reaction
of the complex to yield the target product (called as self-combustion synthesis). The synthesis method is well scalable and
relatively simple, allowing the production of agglomerates of IGZO nanoparticles in an amorphous (X-ray amorphous)
state under low temperature conditions.

In the literature, works on obtaining thin films (using spin-coating technology with subsequent initiation of the spon-
taneous combustion reaction) are mostly presented, where 2-methoxyethanol [31] and urea [32] are used as complexing
agents. However, it is also possible to use ready-made organometallic complexes - metal acetylacetonates [33]. The
authors proposed an approach using a mixture of 3-nitroacetylacetone and acetylacetone to facilitate the spontaneous
combustion reaction [34]. It is reported that the introduction of 3-nitroacetylacetone also improves the films quality.
Mixtures of 2-methoxyethanol and acetylacetone with the addition of an aqueous ammonia solution have also been used
to obtain IGZO films [ [35] (by spraying a mixture of precursors followed by decomposition), as well as compounds
“related” to this system [36] or other oxide materials [37]. The use of organic additives as co-fuels (sorbitol, sucrose and
B-glucose) to obtain IGZO thin films [38] or polymer additives [39] has been reported.

As for the case of obtaining IGZO in the form of single nanoparticles, such works are extremely rare [40, 41].
Previously, our team published a series of papers demonstrating that the phase composition and final morphology of the
material can be influenced by the choice of complexing agent used in the synthesis. It was found that ethylene glycol,
glycerol and tartaric acid are suitable for obtaining IGZO - their use leads to the formation of a powder without any
crystallite impurities [42,43]. The use of many other organic complexing agents (citric and oxalic acid, urea, sucrose,
fructose [42], EDTA and ascorbic acid — unpublished data of our group) led to the appearance of foreign crystalline
impurities (indium oxide) in the final powders.

The aim of this work is synthesis of InGaZn» O3 using method previously successfully tested (see [43]), and to study
the properties of the obtained material.

2. Preparation and characterization method

The following reagents were used in the work: indium nitrate hydrate [In(NOj3)s - zH5O (chemically pure)], gallium
nitrate hydrate [Ga(NO3)3 - xH20 (chemically pure)], zinc nitrate hydrate [Zn(NO3), - £HoO (chemically pure)] and
tartaric acid (analytical grade). All salts were preliminarily determined gravimetrically. The masses of the precursor
samples were calculated from the ratio of metal cations In>*:Ga>":Zn?* = 1:1:2 in the final ternary oxide. Samples were
selected using a Joanlab FA2204N analytical balance. An IKA C-MAG HS7 magnetic stirrer with heating was used for
stirring and evaporating the solutions of the mixture. The synthesis and thermal treatment of the xerogel obtained by
evaporation of the initial mixture was carried out according to the method [44]. The samples were sintered in corundum
crucibles at 700 °C and 900 °C for 12 hours. The samples were cooled in the furnace to 200 °C and then in air. The
sintering temperatures are reflected in the names of the samples, which are discussed later.

X-ray diffraction (XRD) pattern of IGZO was collected on a Drawell DW-XRD-2700A powder diffractometer (Cu
Ka, 40 kV, 30 mA, Ni filter) in the 26 angle range from 5° to 90° at a rate of 1 deg/min at room temperature. The size and
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morphology of the particles were studied using Jeol JSM 7001F scanning electron microscopy (SEM) with accelerating
voltage = 20 kV), the distribution of the main elements of the batch was studied using an Oxford X-Max 80 energy
dispersive analyzer (EDS method) combined with a SEM. The crystalline structure of the particles was studied by Jeol
JSM-2100 transmission electron microscopy (TEM) with accelerating voltage = 160 kV. IR- spectroscopy was performed
using a Shimadzu IRAffinity-1S FTIR spectrometer (from 4000 to 400 cm™! in transmission mode). The background
calibration was made for pure analytical grade KBr. The material was pressed into a tablet 13 mm in size and 1-1.5 mm
thick. The content of indium gallium zinc oxide in the tablet was about 3...5 wt. %. A Shimadzu UV-2700 UV-Vis
spectrophotometer was used to record diffuse reflectance spectra in the range from 250 to 800 nm at a recording rate of
1 nm/sec. The background calibration was performed for a pure barium sulfate BaSO, tablet. The sample was deposited
on the barium sulfate tablet. The obtained diffuse reflectance spectra were used to calculate the band gap parameter
(Kubelka-Munk transformation was applied under the assumption of a optically allowed direct bandgap).

3. Results and discussion

Fig. 1 shows the XRD patterns of the sample heat-treated at 500 °C, 700 °C and 900 °C. It can be seen from Fig. 1
that the general appearance of the diffraction pattern corresponds to the literature data for InGaZnsOs [45,46]. Over the
entire range of sintering temperatures, the sample is single-phase and does not contain any extraneous reflections. Note
that sintering at 900 °C is necessary to demonstrate the homogeneity of the material at lower temperatures, since the use of
other complexing agents (e.g., urea) can lead to the formation of amorphous agglomerates of impurity phases that remain
in the amorphous state up to temperatures of 900 °C [42]. At the same time, we do not exclude the possibility of a chemical
reaction occurring at sintering temperatures of 700 and 900 °C if the sample is multiphase at a temperature of 500 °C.
This will be discussed in the next section. It is easy to notice that the full width at half maximum of each individual
reflex decreases with increasing processing temperature, which can be associated with an increase of crystallinity and
grain growth. Thus, the sample obtained at 500 °C is X-ray amorphous, at 700 °C — weakly crystallized, at 900 °C —
crystallized.
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F1G. 1. XRD pattern of the InGaZnsO5 sample obtained at different temperatures, explanation in the legend

The morphology, size of agglomerates and particles of the InGaZn,O3 sample subjected to heat treatment at 500 °C
for 6 hours were studied by SEM method in secondary electron contrast. In Fig. 1a, at x5000 magnification, particles
from less than one to ten micrometres are visible. The shape of the particles is three dimensional, with distinct edges.
The structure is non-uniform, with large structural elements and medium and small elements. At higher magnification, in
Figs. 2(b-c), particles smaller than 100 nm are visible in the same area of the surface of large agglomerate. The structure
of the agglomerate is very dense and uniform and the pores are not visible.

Fig. 3 shows the results of the EDS analysis. The chemical composition does not depend on the heat treatment
temperature of the sample and shows a uniform distribution of the elements contained in the ternary oxide. The calculated
formula of the compound indicates the proximity of the actual composition to the target, derived from the composition of
the batch — Inj 91 Gag.96Zns.0305. Thus, the chemical composition data are presented within the determined error limits
and it can be stated that the sample corresponds to the specified composition.
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F1G. 3. EDS map of element distribution of In (a), Ga (b), Zn (c) and O (d)

Fig.4 and Fig. 5 show the results of transmission electron microscopy. As can be seen from Fig. 4, the sample is an
agglomerate of small (approximately 4-8 nm) spherical-like nanoparticles. On a larger scale, in Fig. 5, it is clear that the
particles are crystalline. Thus, it can be stated that a crystalline product is already formed at a temperature of 500 °C,
with the degree of crystallinity increasing as the sintering temperature increases (according to X-ray diffraction data). At
the same time, the coherent scattering region volume is low in the nanoparticles, so that the InGaZn, O35 sample sintered
at 500 °C is X-ray amorphous.

F1G. 4. TEM images of InGaZn,Oj sintered at 500 °C for 6 hours (low resolution)

The sample sintered at 500 °C was studied by IR-spectroscopy. The data is presented in the form of a detailed text
description. A series of wavenumbers were recorded: from 3650 to 3000, 2900, 2700, 2400...2280, 1740...1280, 620,
430 cm ™. A broad absorption peak in the region of 3650 to 3000 cm™! corresponds to the stretching vibrations of the
“~OH” bond, which may indicate either the presence of the presence of adsorbed water bound water in the material or
the presence of oxyhydroxides in the material. Two low intensity absorption bands were found in the region of 2900 and
2700 cm™*, apparently the region of the stretching vibrations of the “~CH” bond, most likely due to contamination of
the samples with ethanol used for sample preparation. Absorption bands of carbon dioxide CO2 were recorded in the
region from 2400 to 2280 cm™~!. The sample also had an absorption peak in the region of lower wave numbers from
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FI1G. 5. TEM image of InGaZn3Oj sintered at 500 °C for 6 hours (high resolution)

1740 to 1280 cm ™!, which most likely corresponds to the “~C=0" bond, indicating the presence of tartaric acid oxidation
products in the samples, which cannot be removed at a temperature of 500 °C and exposure of 6 hours. Alternatively, this
peak may correspond to the “C—C” bond, which may indicate the same thing. The most informative part of the spectrum is
the region from 600 to 300 cm™ !, as it contains information about the Me—O bonds. In our analysis, the 600 to 400 cm !
region was examined only, due to hardware limitations. In this region, an absorption peak at ~630 cm ™! is observed
which can be attributed to the In—O or Ga—O bond. The peak at ~420 cm~! could not be clearly interpreted.

A diffuse reflectance UV-Vis spectrum was recorded for the sample sintered at 500 °C. As can be seen from the data
(Fig. 6), no significant light absorption was detected in the near IR and visible range from 800 to 300 nm. This correlates
with the appearance of the sample, which is presented as white powder with yellowish tinge. The data for the UV-Vis
diffuse reflectance spectra obtained were used to calculate the optical band gap, which was found to be 3.10 eV, in little
disagreement with data from previously published work on the same IGZO composition [47], with the difference about

0.15eV.
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FI1G. 6. UV-Vis spectrum and Tauc plot (insert) for determining the optical band gap of InGaZn2Os5

4. Conclusion

The nitrate-tartrate complex decomposition method has been successfully applied to the process of obtaining
InGaZn,O5. The use of tartaric acid as a chelating reagent in nitrate-organic complex decomposition method leads to
the formation of a nanocrystalline material at a sintering temperature of 500 °C. Using electron microscopy (SEM and
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TEM), it was found that the material sintered at 500 °C is an agglomerate of nanoparticles, the morphology of individual
nanoparticles being close to spherical. As the sintering temperature increases, the degree of crystallinity of the material
increases, at 900 °C the material is well crystallized according to the XRD data. The distribution of the main elements
in the material is homogeneous according to EDS data. The IR-spectrum confirms the presence of Me—O bonds in the
material. The band gap for the InGaZn,O5 sample sintered at 500 °C is 3.10 eV.
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