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ABSTRACT Indium-gallium-zinc oxide InGaZn,Os was synthesized by nitrate-glycolate gel decomposition
method using ethylene glycol as a complexing and chelating agent. In this work, SEM, EDS and UV-vis-
diffusion spectra of IGZO were obtained. InGaZn,O5 optical band gap was found using Kubelka—Munk trans-
formation. The morphology of the particles was examined: at low sintering temperatures many micro-meter
particles are observed, the sample is heterogeneous in crystalline state. At annealing temperatures above
800 °C a single-phase crystalline structure is observed.
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1. Introduction

Research in electronics focuses on several areas. There are fields of semiconductor oxides research due to the potential
for their usage in various devices such as memristors [1] and thin-film field-effect transistors (TFT) [2, 3]. TFT find
the application in the production of modern displays and monitors [4—-6]. At present, oxide semiconductor materials
cannot completely replace silicon, but it is possible to use them as materials for flexible microelectronics, which is a
new development direction for these materials. [7-9]. Among oxides, indium-gallium-zinc oxide (IGZO) is one of the
most widely studied [10-13]. Amorphous indium-gallium-zinc oxide used for thin-film transistors (a-IGZO TFTs) have
garnered significant interest due to their high electron mobility, straightforward fabrication process, cost-effectiveness,
and excellent uniformity [11].

Additionally, IGZO exhibits great optical transparency and in order of magnitude, it can reaches higher than other
materials on/off current ratio about 10® [10], which are advantageous for display technologies and optoelectronic applica-
tions. Its crystallinity also allows for uniform large-area deposition, enhancing scalability and enabling the development
of high-resolution, energy-efficient electronic devices. The unique properties of IGZO make it highly suitable for ap-
plications in hybrid and microelectronic systems, where high-performance and stable materials are essential [4]. Its
compatibility with flexible substrates and potential for integration into low-temperature processing make IGZO a promis-
ing candidate for next-generation electronic devices [5]. First, the single-crystal IGZO-based materials were investigated,
later it was found that IGZO amorphous thin films also have great potentials for flexible electronics [13—15].

The first synthesized compound for TFT production was InGaZn5Og [16], later, studies of IGZO with other con-
centrations began. Later, the most common studies were of the InGaZnO,4 composition (zIn:xGa:xZn = 1:1:1) [17-20].
Further works varied the ion ratio to study the whole concentration triangle [3, 17,21, 22]. Despite this, the system has
not been completely examined yet. For example, in [21], compositions with fixed stoichiometric ratio of Ga and Zn were
studied and the amount of In was varied, while in [23], the amount of Ga was varied with fixed In and Zn [24,25]. At
the same time for the In-Ga—Zn—O system in the amorphous state, it is possible to vary the concentration of each element
separately within a sufficiently wide range. Thus, by changing the concentration of an element, the properties of the de-
vice can also be changed. Unfortunately, this approach is well realizable for the amorphous IGZO only. In the crystalline
state, the IGZO homogeneity area is strongly reduced (even at temperatures around 1350 °C [24, 25] and is limited to
clearly defined chemical compositions (In; _,Ga,O3),,(Zn0),,, where x # 0, x # 1, at strictly defined n and m.
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In the process of using IGZO thin films in transistors, a large number of evaluation criteria have been obtained,
including stability and degradation characteristics of these semiconductor devices [38—41]. Physical and chemical prop-
erties of IGZO such as charge carrier mobility, grain size, threshold voltage, and other characteristics directly depend on
the method of synthesis and chemical composition of the final product. For example, increasing the content of In in the
oxide increases the mobility of charge carriers [34,35], and varying the amount of Ga leads to a change in the thresh-
old voltage [22]. The synthesis conditions also affect the semiconductor properties. The annealing temperature affects
the charge carriers concentration and mobility, the phase composition and sample morphology of the TFT [3, 18]. As
shown in [36, 37], the electrical and optical properties of IGZO thin films depend on the degree of their crystallinity (or
amorphous state).

One of the main research areas is the creation of thin semiconductor films. A lot of experimental material for obtaining
the TFs and TFTs has been accumulated in [3,17-20,25-27]. Such methods as chemical/physical vapor deposition, pulsed
laser deposition, molecular beam and epitaxy, atomic layer deposition, and magnetron sputtering are successfully applied
to obtain IGZO-films. Recently, new methods of thin film synthesis, including spin-coating [28, 29] and microplotter-
print [30, 31], have been improved. Advantages over classical methods include scalability and cheap implementation [3,
18,32,33].

As described above, IGZO has a huge potential for use in flexible electronics, including using the printing technolo-
gies. IGZO-based printing technology will allow one to expand the potential application area due to the use of thermally
unstable, but extremely cheap and available plastic and paper substrates. To develop this concept, it is necessary to obtain
extremely pure (X-ray clean) IGZO powders for their further use. In this case, there is few works devoted to InGaZnsOs
nanoparticles obtaining [42,43]. Most often, they are obtained by the chelate-nitrate (sol-gel or self-combustion) method
due to easy scaling and cheapness of the process. In our work, an oxide of InGaZn,O5 composition was obtained for the
first time using ethylene glycol as a complexing agent; previously, it was prepared only with polyvinyl alcohol [44]. The
dependence of the morphology of the samples on their sintering temperature was also investigated.

2. Methodology of experimental research

Nitrate-glycolate gel decomposition method was used for InGaZn,Os5 synthesis according previous work [45]. In-
dium nitrate 4.5-aqueous [In(NO3)3 - 4.5H20 (“c.p.”)], gallium nitrate 9-aqueous [Ga(NO3)s - 9H2O (“c.p.”)], zinc nitrate
6-aqueous [Zn(NOs3)s - 6H20 (“c.p.”)], and ethylene glycol (“p.a.”) were used as reagent without further purification.
All metal nitrates used in the synthesis were gravimetrically treated by calcination (800 °C, 12 h), so that the practical
masses of nitrate-hydroxide salts were corrected according to the gravimetric data. The ratio of precursors was selected to
obtain indium-gallium-zinc oxide with the ratio of In:Ga:Zn atoms = 1:1:2 in the product. The reagents were selected on
a FA2204N balance. The solutions were stirred, heated, and evaporated in a magnetic stirrer with heating IKA® C-MAG
HS7. Afterwards, the residual water in the gel was removed by holding it in a muffie furnace (Plavka.Pro PM-5 muffle
furnace) in a ceramic cup. During the holding process, a self-combustion reaction occurred producing a solid substance.
The solution after pouring into a ceramic cup was heated in the furnace from room temperature to 300 °C at a rate of
100 °C/hour, followed by isothermal holding for 6 hours. The samples were cooled to room temperature after passing
through the self-combustion stage. Afterwards, the sample was divided into pieces and sintered in powdered form in
alumina crucibles at temperatures from 400 to 1100 °C in 100 °C increments for 6 hours.

X-ray diffraction (XRD) was performed on a Drawell DW-XRD-2700A powder diffractometer (CuKca, 40 kV, 30 mA;
A = 0.15406 nm, Ni filter) in the range of 26 angles from 5 to 95 ° at a rate of 5 ° per min at room temperature. Powder
XRD pattern was used for lattice parameters calculation using the Jade 6.5 software package (Table 1).

The microstructure of samples was studied by scanning electron microscopy (SEM Jeol JSM-7001F, accelerating
voltage 20 kV). In addition, the elemental composition was investigated and elemental distribution maps were drawn by
EDX-spectroscopy (Oxford INCA X-max 80 EDS spectrometer, 20 kV electron beam energy). Due to the significantly
higher energy value of the indium K-line compared to the K-lines of other elements in the studied samples, the indium
content was calculated by the L-line, and for Zn, Ga and O by the K-line.

The crystal structure of the particles was studied by transmission electron microscopy (Jeol JSM-2100, accelerating
voltage 160 kV). The morphology of the particles and their crystal structure state in the nanometer range were investigated.

Diffuse reflectance spectra were obtained for samples sintered at 500, 700, 900 and 1100 °C in the range from 250
to 800 nm at a recording rate of 1 nm/sec on a Shimadzu UV-2700 UV-Visible spectrophotometer. The background
calibration was performed for pure barium sulfate BaSO, tablet. The sample was also applied to a barium sulfate tablet.
The source of radiation in the near UV diapason was a deuterium lamp and in the near IR region was a tungsten filament
halogen lamp. Switching between the light sources was done automatically when passing through the 320 nm wavelength.
Diffuse reflection spectra were used to determine samples energy gap by the Kubelka—Munk transformation method. In
Tauc-plot for the expression “a(hv)™ — hv” n was equal to 2 for indirect allowed transitions.
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3. Results and discussion

The XRD patterns of InGaZn»Os5 samples annealed at different temperatures are presented in Fig. 1. The vertical
red lines (dashed lines) show the allowed reflexes of InGaZn,O5 [46]. It was observed that at temperatures between 300
and 600 °C, broad maximums of the diffraction pattern are observed, which is responsible for the amorphous structure.
In the range of 700 — 800 °C, the sample is in a weakly crystallized state. At annealing temperatures above 800 °C a
single-phase crystalline structure is observed. No other reflexes (InoO3, ZnO etc.) were observed in the XRD patterns.
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FIG. 1. XRD pattern of InGaZn,Oy samples annealing at 300 — 600 °C (a); 700 — 1100 °C (b). The
dashed diagram shows the InGaZnsOg phase [46]

The cell parameters were calculated only for the samples sintered at 700 — 1100 °C, the results are presented in
Table 1. The given data are in correspondence with those obtained earlier [46].

TABLE 1. Calculated InGaZn,Os lattice constants

No. Sample Unit cell parameters
a, A ¢, A v, A3
Sintering temperature, °C
1 700 3.297£0.001 | 22.58940.007 | 212.724+0.22
2 800 3.297+0.001 | 22.58440.006 | 212.584+0.18
3 900 3.298+0.001 | 22.588+0.005 | 212.8040.13
4 1000 3.298+0.001 | 22.59140.005 | 212.8440.12
5 1100 3.297£0.001 | 22.58740.006 | 212.64+0.14
6 [46] 3.297+0.001 | 22.58740.006 | 212.64+0.14

Figure 2 shows SEM images (in secondary electrons) of the InGaZn,Os samples. Samples sintered at 500 and 700 °C
(Fig. 2(a,b)) show many small particles with sizes 1 — 2 um of abnormal shape. In Fig. 2(c,d), however, individual small
particles become significantly smaller. As the annealing temperature increases, clearly faceted surface areas appear, which
correlates with the XRD results, since the sample sintered at 1100 °C has a high degree of crystallization. At x30000
zoom (Fig. 2(g,h)), it can be seen that the sample is an agglomerate of micro- and nanometer-sized crystallites.

The chemical composition of the samples was calculated using EDX-spectroscopy data. The distribution maps of the
main elements are presented in Fig. 3. Their distribution is homogeneous throughout the sample for all temperatures of
sintering (including 700 and 900 °C). This allows us to state the absence of amorphous regions of impurity phases and,
thus, the presence of the sample in a single-phase state throughout the entire presented temperature range.

The chemical composition was calculated basis on the EDX-data. The relevant brutto formulas are presented in
Table 2. The obtained data indicate the deviation from the specified composition within the error range (1 — 2 %).

Transmission electron microscopy (TEM) images are presented in Fig. 4. It shows InGaZnyOs sample sintered
at 500 °C. It can be seen that small particles are grouped together either in several pieces (Fig. 4a) or in large clusters
(Fig. 4c). Large agglomerates of particles with different degrees of crystallization in sections are observed — both highly
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F1G. 2. SEM images of InGaZnsO5 samples sintered at 500 °C (a, e), 700 °C (b, f), 900 °C (c, g),
1100 °C (d, h) with various magnifications. The scale bar is indicated on the micrograph
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F1G. 3. SEM-images, multilayer EDX map and individual element map distribution (In — pink, Zn —
green, Ga — blue, O — red) at sintering temperatures: a) 500 °C; b) 1100 °C. The scale bar is 25 pm for
both samples
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TABLE 2. Gross formula for InGaZn,Oj5 obtained at different temperatures

Annealing

500 °C 700 °C 900 °C 1100 °C
temperature

Brutto formula | Ing.98Gag.98Zn2.0405 | Ing.02Gag.97Zn2.0105 | Ing 01Gag.97Zn3 0205 | Ing goGag.98Znz 0205

FIG. 4. TEM images of InGaZn,O5 samples at sintered temperature of 500 °C with different scale bar

crystallized (distinct bands in Fig. 4d) and low-crystallized (Fig. 4b). However, as can be seen, there is no way to calculate
d-spacing because high resolution could not be achieved.

The UV-vis-spectroscopy results of the InGaZnsO5 samples are shown in Fig. 5. The sample does not have absorption
peaks in the visible region. The band gaps calculation is given in Table 3, our results correlate with work published
earlier [47]. InGaZn,O5 has a rather wide band gap, and it varies within the error during sintering in the temperature
range from 500 to 1000 °C. This explains the fact that the band gap does not depend on the IGZO crystallinity and
morphology.

TABLE 3. Band gap for InGaZn,O5 samples sintered at different temperatures

Annealing temperature, °C | 500 | 700 | 900 | 1100 | [47]
Band gap, eV 3.159 | 3.170 | 3.180 | 3.159 | 3.225

4. Conclusions

The nitrate-glycolate gel decomposition method was successfully applied to synthesize InGaZnsO5 samples. At tem-
peratures from 300 to 600 °C an amorphous structure is observed, at 700 — 800 °C the sample is in a weakly crystallized
state, and at annealing temperatures above 800 °C, a high crystalline structure is observed. The morphology of the sam-
ples is as follows: at low sintering temperatures many micro-meter particles are observed, the sample is heterogeneous in
crystalline state. This is confirmed by TEM images. When the annealing temperature is increased, the particles are orga-
nized into clearly faceted structures. The bandgap width of IGZO is 3.17 eV, which correlates with literature data. The
obtained data indicate that it is possible to obtain InGaZn,Oj5 using the nitrate-glycol method, which creates a scientific
basis for using materials to obtain colloidal solutions (ink) and their use in printing technologies in the field of electronics.
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