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Abstract— In this research, the sol-gel technique was used to 

prepare indium oxide nanoparticles. In addition, these particles 

are deposited by (dip coating technique) on a quartz substrate. 

Several measurement instruments (FTIR, SEM, UV-visible, and 

X-RAY diffraction) were used in this study to diagnose and 

analyze the properties of indium oxide (𝑰𝒏𝟐𝑶𝟑 ) particles at 

different parameters. The results from XRD indicated that the 

particle formation converted to a polycrystalline phase at 

different annealing temperatures (200 ℃ and 600 ℃) for an 

hour and a half. Also, the XRD results show an increase in the 

(grain size and lattice constant) with increased annealing 

temperature. The measurements of the Hall Effect showed the 

type of conductivity of ( 𝑰𝒏𝟐𝑶𝟑 ) particles is N-type, carrier 

concentration, mobility, and resistivity. The results of the 

sensitivity of indium oxide thin films to toxic gas, specifically 

carbon monoxide (𝑪𝑶) gas, showed an increase in the sensitivity 

of thin films annealed at high temperatures. 

Keywords—Indium Oxide; Sol-Gel Technique; SEM; X-Ray 

Diffraction; Sensor 

I. INTRODUCTION  

Indium oxide is among the important transparent 

conducting materials, it has a direct band gap energy of up to 

3.6 ev at room temperature [1][2]. It was found that there are 

several factors on which the energy gap of indium oxide 

depends such as annealing temperature, atmosphere, and the 

nature of the substrate used to form thin films by depositing 

the material on them. The increase in the annealing 

temperature of indium oxide thin films also affects the optical 

and electrical properties and structural, and morphological of 

the films. It seems appropriate for different solid-state 

devices like gas sensors [3], and optoelectronic devices 

depending on the processing conditions and the electronic 

properties of the material. Over the past years, due to the wide 

applications made of nanostructured metal oxide 

semiconductors (MOSs) in various fields, these materials 

have attracted great attention from researchers in this field 

[4][5]. Among various (MOSs), indium oxide (𝐼𝑛2𝑂3) has a 

wide band gap, good electrical conductivity, excellent 

optoelectronic properties, and stability [1][6]. Indium oxide 

is usually doped by tin, cadmium oxide, cadmium, and tin 

dioxide (𝑆𝑛𝑂2) specially doped with antimony or fluorine 

and undoped/doped zinc oxide. They have large energy band 

gaps in the ultraviolet and are transparent over the visible 

range [7]. In the present work, 𝐼𝑛2𝑂3  nanoparticles are 

prepared by the Sol-Gel method and used as gas sensor 

applications will be studied. 

II. EXPERIMENTAL SETUP 

There are many ways to prepare indium oxide 

nanoparticles; the method used in this work is the sol-gel 

method. This method is easy, fast, and rapid to prepare 𝐼𝑛2𝑂3 

nanoparticles in accepted amounts.  The method is as follows: 

dissolving indium nitrate ( 𝐼𝑛(𝑁𝑂3)3 ∙ 𝐻2𝑂 ) with distilled 

water, to ensure complete dissolution for the solution (0.3 M), 

we used a magnetic capsule (magnetic stirrer). The dissolving 

process is carried out at a temperature of (30 ℃) for (25 

minutes). As in the previous step, salt hydroxide (𝑁𝑎𝑂𝐻) was 

dissolved in distilled water at (30 ℃) for 25 minutes using 

the same method. 

Then the dissolved sodium hydroxide solution is added to 

the dissolved indium nitrate solution in the form of drops at a 

rate of (3 drops per minute), while the stirring process 

continues until the pH value is reached [8]. To clean the 

chemical compound resulting from the reaction from 

unwanted impurities, the compound is washed with pure 

water several times and then washed twice with ethyl alcohol, 

the final step is to dry the resulting material at (200 ℃) for an 

hour and a half, we get a white powder, when the annealing 

temperature increases to (600 ℃), the precipitate turns yellow 

as shown in Fig. 1. 

The general chemical equations for the reaction are: 

1. 2𝐼𝑛(𝑁𝑂3)3 ∙ 𝐻2𝑂 + 6𝑁𝑎𝑂𝐻 → 2𝐼𝑛(𝑂𝐻)3 +

6𝑁𝑎𝑁𝑂3 + 2𝐻2𝑂 

2. 2𝐼𝑛(𝑂𝐻)3 → 𝐼𝑛2𝑂3 + 3𝐻2𝑂 

------------------------------------------------------------------------ 

The overall equation is: 

2𝐼𝑛(𝑁𝑂3)3 ∙ 𝐻2𝑂 + 6𝑁𝑎𝑂𝐻
→ 𝐼𝑛2𝑂3 + 6𝑁𝑎𝑁𝑂3 + 5𝐻2𝑂 

Among the methods used to form indium oxide thin films 

is the dip coating method. As the substrate (quartz) is 

immersed in the solution, it is pulled out continuously. 

During the 25-second immersion period, the substrate 

remains submerged in the solution; then it is dried at 100 ℃ 

for 6 minutes. By dipping the substrate, we can control the 

thickness of the films, and the number of immersions about 

(15- 30 dip). 
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Fig. 1. A- indium hydroxide after drying at 200 ℃ B-indium oxide after 

annealing at 600 ℃ 

III. RESULTS AND DISCUSSION 

A.  XRD Results for In2O3 Particles 

The XRD is used for the identification and understanding 

of the crystalline growth nature of particles that are prepared 

by the sol-gel method. An important factor that effects on 

structure of indium oxide particles is the annealing 

temperature. The X-ray diffraction device (XRD) is used to 

analyze and extract information about the physical properties, 

structure, and crystalline of the indium hydroxide at (200 ℃) 

as prepared and for indium oxide particles annealed at an 

annealing temperature of 600 ℃.  

The XRD results (Fig. 2) for indium hydroxide at 200 ℃ 

indicate the formation of diffraction patterns at the 2θ values 

are 22.4494°, 31.944°, 51.4602° and 56.5230° corresponding 

to (200), (220), (420) and (422), respectively. All 

measurements we obtained from XRD indicate formation 

(body-center cubic indium hydroxide) according to the 

(JCPDS Card No. 01-076-1463). Based on the XRD spectra 

of the particles, it can be found that they are polycrystalline 

and cubic, and this agrees with the previous study [8]. 

 Through the results of XRD, we notice that the intensity 

of plane (222) increases as a function of annealing 

temperature which may be due to the increasing grain size of 

particles. When the annealing temperature increases, the 

interplanar distance (d) increases as a result of oxidation 

processes, and this leads to an increase in the lattice constant 

[9]. All XRD results are shown in Table 1. (A: indium 

hydroxide and B: indium oxide). 

Table 1. The measurements of the XDR for 𝐼𝑛2𝑂3 as prepared and at 

annealing temperatures (200 and 600 ℃) for 90 min 

Annealin

g 

Tempera

ture for 

90min 

2θ 

(deg) 
hkl 

FWH

M () 

(deg) 

Grain 

Size(A

°) 

Lattice 

constant 

(A°) 

d (A°) 

200 ℃ 

As-

prepared 

22.449
4 

200 
1.579

4 
51.280

326 
7.914459 

3.9572
2 

31.944 220 
1.999

4 

41.328

914 
7.917615 

2.7992

9 
51.460

2 
420 

2.698

5 

32.679

875 
7.935119 

1.7743

4 

56.523
0 

422 
2.423

40 
37.218

146 
7.969824 

1.6268
3 

600 ℃ 

21.345

5 
211 

0.635

50 

127.20

90 
10.18817 

4.1593

0 
30.444

1 
222 

0.596

8 

137.95

48 
10.16297 

2.9337

9 

35.331
0 

400 
0.591

3 
141.00

19 
10.15358 

2.5383
9 

50.897

4 
440 

0.608

1 

144.67

93 
10.14067 

1.7926

3 

 
(A) 

 
(B) 

Fig. 2. XRD patterns of indium oxide particles: (A) as-prepared 𝐼𝑛(𝑂𝐻)3 

powder (B) at annealing temperature 600 ℃ 

B. Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR is a technique used to obtain an infrared spectrum 

of the absorption or emission of a substance as shown in Fig. 

3. Infrared spectra can help determine the chemical structure 

or bonds present in an unknown molecule. After obtaining the 

FTIR spectrum, the scan can be interpreted to provide 

information about the compound present in the test sample. It 

is compared to the spectra of standard materials, as the 

spectrum gives important information about the sample. For 

instance, Peng et al. found that in the reaction system, to 

obtain In2O3 nanocrystals, hydrolysis, and alcoholysis were 

the major reaction pathways for the indium precursors [10]. 

Table 2. shows some of the important peaks of indium nitrate 

and prepared indium oxide. 

Table 2. Absorption bands (cm–1) in the FTIR spectra of the 𝐼𝑛(𝑁𝑂3)3 ∙
𝐻2𝑂,  𝐼𝑛(𝑂𝐻)3, and 𝐼𝑛2𝑂3 annealing at 400 and 600 ℃ 

𝑰𝒏(𝑵𝑶𝟑)𝟑

∙ 𝑯𝟐𝑶 

Indium oxide 

Asprepared 

(𝑰𝒏(𝑶𝑯)𝟑) 
Annealing at   600 ℃ 

3650 𝐻 − 𝑂 −
𝐻 stretching 

3500 𝐻 − 𝑂 − 𝐻 

stretching. 

3419 𝐻 − 𝑂 − 𝐻 

stretching 

1620 𝑂 − 𝐻 

bending 
1635 𝑂 − 𝐻 bending 1622 𝑂 − 𝐻 bending 

1384 𝑁 − 𝑂 

asymmetric 

and symmetric 

1367 (𝐼𝑛 − 𝑂) 

stretching 
606 (𝐼𝑛 − 𝑂) bending 

825 𝐼𝑛 − 𝑂 

bending. 

1167 due to surface 

reaction of the 

nanoparticles with 
the atmosphere 

567,540,491,457 
In-O stretching 

 

- 
775 𝐼𝑛 − 𝑂 

stretching 
- 

- 
503 (𝐼𝑛 − 𝑂(𝐻)) 

stretching 
- 
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FTIR spectrum of ( 𝐼𝑛(𝑂𝐻)3 ) as prepared. Spectral 

analysis shows a strong absorption band around 3500 cm-1 in 

this spectrum, even after annealing at high temperatures, it is 

difficult to completely remove water residues from 𝑂𝐻 

stretching [11]. Furthermore, the results in Fig. 4 indicated 

that In-O(H) and In-O exhibit stretching peaks at 775 and 503 

cm-1, respectively. A prominent absorption band can be seen 

for (600 ℃). The peaks at (3420 cm-1) indicate the main 

peaks of water absorption, while the low wave peaks (601, 

567, 540, 491, and 457 cm-1) indicate the 𝐼𝑛 − 𝑂  bond. 

These results are consistent with the results of thermal 

analysis [12]. 

 

 

Fig. 3. FTIR transmittance spectrum of 𝐼𝑛(𝑂𝐻)3 as-prepared (200 ℃) as 

a function of wavenumber 

 

Fig. 4. FTIR transmittance spectrum of 𝐼𝑛2𝑂3 at (600 ℃) as a function of 

wavenumber 

C. Surface Morphology by (SEM) 

 The structure of 𝐼𝑛2𝑂3  particles (as-prepared and 

annealed at 600 ℃) is prepared by sol-gel technology and 

was examined by using a scanning electron microscope 

(SEM). Fig. 5 (A) shows an image of the as-prepared indium 

hydroxide particles measured by SEM technique. It is clear, 

at low annealing temperatures the results show that particles 

of small sizes are formed.  While at high annealing 

temperatures, the size of indium oxide particles is large, as 

shown in Fig. 5. (B), this was due to the growth and 

combination of small grains together after the sintering 

process. 

 

 

Fig. 5. SEM image of In2O3 particles (A) as-prepared (B) annealing at 

600 ℃ 

D. Optical Properties 

 The transmission of indium oxide films is affected by 

several factors, the most important of which is the annealing 

temperature of thin films, and this is shown in Fig. 6. The 

transmission of the films is high, reaching (74.8 %) in the 

visible region at 600 ℃. At (200 ℃) the transmittance values 

are (64.5 %) respectively. The transmission of films increases 

when the annealing temperature increases; there was an 

improvement in the particle's structural homogeneity and 

crystallinity, which can be attributed to this. These results are 

compatible with prior work [13]. 

 

 

Fig. 6. The results of (UV-visible) transmittance spectra of indium oxide 

thin films at (200 and 600 ℃) 

In this study, a UV/visible spectrometer was used to 

obtain the transmittance and reflectance spectrum of indium 

oxide thin films in order to measure the energy gap of this 

material through its transmittance spectrum. However, the 

reflectance spectrum is very small and is neglected in the 

calculations when measuring the energy gap. The energy gap 

represents the 𝐼𝑛2𝑂3 thin films. 

 The results indicate an increase in the energy gap of 

indium oxide thin films annealed at high temperatures 

compared to lower annealing temperatures, as the band gap 

and the annealing temperature of indium oxide are directly 

proportional as shown in Fig. 7 and Table 3. This may be due 

to the removal of the surface defect an increase in grain size 

and a decrease in grain boundaries by heat treatments, this 

change is also due to the increase in the concentration of the 

number of carriers, as this increase fills the lower energy of 

the conduction band which is known as Broston-Moss effect 

(10,14). By plotting (αhν)2 versus photon energy (hν) and 

projecting a straight line, we can measure the energy band 

gap. 

Table 3. The results of energy band gap measurements for indium oxide at 

the different annealing temperatures 

Different condition Eg (eV) 

Effect of annealing temperature 
As prepared 3.4 

600 ℃ 3.5 
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Fig. 7. A plot of (α hν) 2 verses (hν) of indium oxide thin films at (as 

prepared and 600 ℃) 

E. The Results of The Hall Effect of Indium Oxide 

 Hall measurements are used to obtain information about 

the conductivity of the substance, the amount of carrier 

concentration, as well as the mobility and resistivity of the 

indium oxide. Hall measurements are taken for indium oxide 

thin films as a prepared material at a temperature of 200 ℃ 

and also as an annealed material at a temperature of 600 ℃ 

for an hour and a half, halls results show that the conductivity 

of indium oxide is n-type, also the results indicate an increase 

in the concentration of carriers directly with an increase in 

annealing temperature and this results agree with Halbos et 

al. [15]. As shown in Table 4, the Hall coefficient and Hall 

mobility decrease as the annealing temperature increases. 

The scattering occurring in semiconductors can be the reason 

for the decrease in hall mobility 14. 

Table 4. Hall measurements for indium oxide at different annealing 

temperatures (200 ℃ and 600 °C) 

Sample Thin Carrier concentration (cm)-3 
H 

(cm2/v∙s) 

RH 

(cm3/ C) 

𝐼𝑛2𝑂3/200 ℃ 5.5˟1011 7.3˟10 1.1˟107 

𝐼𝑛2𝑂3/600 ℃ 1.9˟1015 2.4˟102 3.2˟103 

 

F. Gas sensor measurements 

 To measure the sensitivity properties of indium oxide 

films to toxic gases, specifically 𝐶𝑂  gas, as a function of 

operating time at a specific temperature (50 ℃). 𝐶𝑂 gas had 

a concentration ratio of 5 parts per million. To measure the 

sensitivity of an indium oxide thin film to CO gas [16]-[20], 

it is measured in two states: air and in CO gas at a temperature 

of (50 ℃). When gas is present, the surface resistance of the 

indium oxide thin films changes at a certain rate of time, and 

the sensitivity can be measured by using this equation (1). 

𝑆 =  [(𝑅𝑔 –  𝑅𝑎)/𝑅𝑎] 𝑥 100% (1) 

The symbol (Ra) indicates the electric resistance of the 

gas sensor (indium oxide thin film) in the presence of air, 

while the symbol (Rg) air indicates the electric resistance of 

the gas sensor (indium oxide thin film) in the presence of gas 

(𝐶𝑂). The sensitivity (S) increases from 200 to 600 ℃ is 

presented in Fig. 8, the highest percentage of sensitivity to 

CO gas we obtained was for the (𝐼𝑛2𝑂3) thin films annealed 

at a temperature (600 ℃), where it reached (70%). The results 

agree with the results in previous studies [20]-[25]. Due to 

their high resistance, indium oxide thin films do not work as 

prepared.   

                         

 

Fig. 8. Sensitivity of indium oxide thin films at (600 ℃) for 𝐶𝑂 gas 

IV. CONCLUSIONS 

Through the results, we obtained that the X-ray 

diffraction measurement shows that indium oxide particles 

have a polycrystalline structure and also have excellent 

crystalline, as this property increases with increasing 

annealing temperature. The results of the SEM for indium 

oxide particles show an increase in particle size when the 

annealing temperature is increased. This was due to the 

growth and combination of small grains together after the 

sintering process. Transmittance spectrum measurements for 

films annealed at 600 ℃ reached approximately (78%). The 

results of the energy gap of indium oxide films indicate an 

increase in the gab proportional to the increase in the 

annealing temperature. The results of Hall measurements 

showed that indium oxide thin films have a negative Hall 

coefficient (RH) value which confirms that films are (n-type). 

The sensitivity increases from 200 to 600 ℃. 
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