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ABSTRACT
In2O3 thin films were deposited via Successive Ionic Layer Adsorption and Reac-
tion (SILAR) method on glass substrates at 20, 30, 40, and 50 SILAR cycles. The 
effect of SILAR cycle on the general and CO gas sensing properties of the films 
was investigated. The GIXRD and FE-SEM results indicated that the films had 
cubic phase and porous morphology. As a function of temperature and gas con-
centration, CO gas sensing measurements of In2O3 thin film-based sensors were 
made, and the detection limit and operating temperature values were determined. 
The optimal operating temperature was found to be 222 °C for all sensors. The 
CO sensing results demonstrated that the sensor with 30 SILAR cycle had higher 
sensitivity for 1–100-ppm gas concentration values at 222 °C operating tempera-
ture than the others. The sensing responses of the sensors increased from 12 to 
29% for 1-ppm CO gas and from 52 to 91% for 100-ppm CO gas at 222 °C, depend-
ing on the SILAR cycle. The detection limit of the sensors toward CO gas at 222 
°C reached 1 ppm, and the response and recovery times of the sensor with 30 
SILAR cycle were found to be 54.2 s and 49 s for 1-ppm CO, and 47.4 and 62.5 s 
for 100-ppm CO gas at 222 °C, respectively. The activation energy (Ea) values of 
the sensors were found to change between 0.08 and 0.15 eV in the temperature 
range of 300–340 K and between 0.700 and 0.749 eV in the temperature range of 
350–520 K, with SILAR cycle number. Finally, in this study, it was revealed that 
SILAR cycle number changed the structural, morphological, and CO gas sensing 
properties of the In2O3 thin films, and SILAR cycle optimization was performed 
for the highly sensitive In2O3 thin film-based CO gas sensor.
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1 Introduction

As our world has become more automated, the size 
of global gas sensor market is predicted to reach 
US$5.6 billion industry by 2024 [1]. Introducing new 
products and/or improving existing sensing materi-
als along with the recent technological developments 
will significantly affect the growth in this industry. 
Metal oxides are one of the most popular materials 
used for detecting flammable, toxic, and explosive 
gases known as detection materials and have exten-
sively been researched for detecting more than 150 
hazardous gases [2]. Metal oxide-based gas sensors 
have superior success in detecting hazardous gases 
due to the advantages, such as simple design, compact 
size, low cost, low power consumption, fast response 
time, and high sensitivity. Nevertheless, the superior 
success attributed to gas sensing using metal oxides 
is considerable mostly at high temperatures (> 150 
°C), indicating the need for additional heater and cir-
cuitry in the sensor setup. Thus, this leads to higher 
costs, high power consumption, more complexity, 
and complex integration [3, 4]. Using nanostructured 
metal oxides is a good approach to partially overcome 
above-mentioned shortages associated with metal 
oxide-based gas sensors. Especially, they can have 
higher sensitivity to very low gas concentrations at 
lower temperatures and better selectivity compared to 
their bulk equivalents. Also, one of the most important 
factors in increasing the performance of metal oxides 
is the reduction of particle size to nanoscale. Nano-
structured metal oxides have large surface area due 
to the reduction of particle size to nanoscale, so more 
adsorption of gaseous species takes place, resulting in 
improved gas detection performance of the sensor [4].

Nanostructured metal oxides are very suitable 
materials for toxic gas sensing due to their low cost, 
facile synthesis, and high response to target gas. 
Common n-type-nanostructured metal oxides used 
to fabricate gas sensors for detection of toxic gases 
are SnO2, ZnO, WO3, and In2O3. Of these nanostruc-
tured metal oxides, In2O3 is n-type metal oxide semi-
conductor with a wide direct band gap (3.55–3.75 
eV) [5, 6]. In2O3-nanostructured thin films can be 
used for designing ultra-sensitive sensors due to 
their high electrical conductivity and intrinsic oxy-
gen vacancy [6–8]. Also, crystal structure and surface 
morphology have a significant effect on the sensing 
performance of In2O3 nanomaterials. For this reason, 
different In2O3 nanostructures such as nanoparticles 

[9], nanorods and nanowires [10], nanosheets or nan-
oplates [11], and 3D hierarchitectures [12, 13] have 
been fabricated for meeting the demand for practical 
applications. Recently, significant efforts have been 
made to address the methods of structural design 
and controllable synthesis for building portable and 
reliable In2O3-based sensors to satisfy the standard 
in many applications, such as the chemical, pharma-
ceutical, and food industries [14, 15].

For the deposition of nanostructured thin films, 
simple, low cost, efficient, and easy to control tech-
niques/methods that guarantee reproducible experi-
mental results are preferred. The SILAR method is 
one of the simple, cost-effective, reproducible, and 
efficient chemical methods used for the deposition 
of nanostructured thin films, in which the film thick-
ness is controlled depending on the cycle number. 
The spin coating method is another widely used sim-
ple and low-cost deposition method operating at low 
temperatures and in solution phase. SILAR and spin 
coating methods allow the possibility for deposition 
films with controllable thickness and also offer the 
advantage to produce films on a large substrate sur-
face. The possibility to control the deposition and 
film thickness more precisely in the SILAR method 
due to the sequential deposition, the need for no 
device or expensive equipment for thin-film deposi-
tion, and the ability to use more than one substrate 
at a time are the main advantages of SILAR method 
as compared with the spin coating method [16, 17]. 
In SILAR method, thin films can be kept at room 
temperature without needing quality substrates and 
vacuum. There is minimal waste of chemicals when 
compared with other chemical and physical methods 
[18, 19]. Also, In the SILAR method especially the 
structural and morphological properties of thin films 
can change depending on growth parameters, such 
as precursors, concentration of precursors, counte-
rions, pH of precursor solutions, adsorption, reac-
tion, and rinsing time. The thin films deposited via 
the SILAR method can be re-deposited by keeping 
the deposition parameters and deposition conditions 
constant.

In this study, producing In2O3 thin films in differ-
ent SILAR cycles with SILAR method and the effects 
of SILAR cycle number on the general and CO gas 
sensing properties of In2O3 thin films were primar-
ily focused. By determining these effects, SILAR cycle 
optimization was performed for the highly sensitive 
In2O3 thin film-based CO gas sensor.
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2 �Experimental procedure

2.1 �Deposition of In2O3 thin films

In2O3 thin films were successfully deposited via SILAR 
method on glass substrates at room temperature 
and 20, 30, 40, and 50 SILAR cycles. For deposition of 
In2O3 thin films, aqueous indium–ammonia complex 
([In(NH3)4]3+) was chosen for the cation precursor, 
in which analytical reagents of 0.1-M InCl3 (pH ≈ 5.5, 
%98 Sigma-Aldrich) and aqueous ammonia solution 
(NH3—25–30%-Sigma-Aldrich) were used. For prepar-
ing the [In(NH3)4]3+ complex, aqueous ammonia solution 
was added into 0.1-M InCl3 (pH ≈ 5.5) solution until the 
pH value of this solution was 10. For synthesis of In2O3 
thin films, one SILAR cycle consisted of the four follow-
ing steps: (1) immersing the substrate in the aqueous 
([In(NH3)4]3+ complex for 20 s to create a thin liquid film 
containing ([In(NH3)4]3+ complex ions on the substrate; 
(2) immersing immediately the withdrawn substrates in 
hot water (90 °C) for 7 s to form an In2O3 layer; (3) drying 
the substrate in the air for 60 s; and (4) rinsing the sub-
strate in a separate beaker for 20 s to remove large and 
loosely bonded In2O3 species. Thus, one SILAR cycle of 
In2O3 deposition was completed. The adsorption, reac-
tion, and rinsing times were chosen experimentally so 
that deposition occurred layer wise and resulted in the 
homogeneous thin-film structure. The detail information 
about the SILAR cycle and In2O3 thin-film deposition via 
the SILAR method was reported in our previous studies 
[18, 19]. All the films were deposited repeating 20, 30, 
40, and 50 SILAR cycles. Using a PHE 102 Spectroscopic 
Ellipsometer, the thicknesses of the films were found to 
be 74 ± 2.54, 115 ± 3.11, 132 ± 3.61, and 148 ± 3.83 nm for 
20, 30, 40, and 50 SILAR cycles, respectively.

Firstly, structural, morphological, and composi-
tional characterizations of In2O3 thin films were per-
formed. After then, the interdigitated (IDT) silver 
(Ag) electrodes for In2O3 thin film-based sensors were 
coated by thermal evaporation on the films using Ag 
metal (99.9%, Sigma-Aldrich) and a shadow mask 
with an interlinked electrode width of 45 μm, length 
of 2.5 mm, and spacing of 90 μm. The main reasons 
for choosing Ag electrodes are their good catalytic 
effect, good bond strength, being widely used, the 
practicality of evaporation for electrode fabrication, 

and their very cost-effectiveness compared to Au and 
Pt electrodes.

2.2 �Characterization methods

GIXRD, FE-SEM, EDAX, and gas sensing measurements 
were performed to investigate the effect of SILAR cycle 
number on the structural, morphological, composi-
tional, and CO gas sensing properties of In2O3 thin films. 
The structure and crystallinity of the films were inves-
tigated by Panalytical Empyrean X-ray Diffractometer 
(XRD) device (using CuKα1 λ = 1.5405Å radiation with 
2θ of 20–80o, operated at 45 kV and 40 mA). The mor-
phologies of the films were examined by field-emission 
scanning electron microscope (FE-SEM) images using 
the FEI Quanta 450 FEG, operated at an acceleration 
voltage of 20 kV. The chemical compositions of the films 
were analyzed by EDAX measurements using energy 
dispersion X-ray spectroscopy (EDAX) analyzer in an 
FE-SEM system (EDAX, AMETEK Materials Analysis 
Division).

Using a computer-controlled measurement system 
that was thoroughly described in our previous stud-
ies [18, 20], the gas sensing measurements of In2O3 thin 
film-based sensors were made. The In2O3 thin film-
based sensors were assessed measuring the resistance 
change at various CO gas concentrations from 1 ppm 
to 100 ppm and at different operating temperatures 
from room temperature to 252 °C. The CO and dry 
air concentrations in the test chamber were controlled 
by computer-controlled mass flow controllers (MKS 
Series). Operating temperatures were controlled using 
a Lake Shore 325 temperature controller. The current 
values of the sensors were continuously monitored with 
a computer-controlled system using the Keithley 2400 
sourcemeter and the data were collected in real time 
using a computer with corresponding data acquisition 
hardware and software. The relative humidity was kept 
constant %25 and monitored by a Honeywell HIH-4000 
humidity sensor. The sensing response (S) of the sensors 
is determined via following equation [18];

(1)S(%) =

(

R
a
− R

g

R
a

)

× 100.
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3 �Results and discussion

3.1 �Structural, morphological, 
and compositional analysis

The grazing incidence X-ray diffraction (GIXRD) pat-
terns of In2O3 thin films are presented in Fig. 1. The 
GIXRD patterns of the films indicate the existence 
of cubic In2O3 single phase with a lattice parameter 
of a = b = c = 10.11 Å and space group: Ia3 [6, 21, 22, 
JCPDS 98-001-4387] as can be seen in Fig. 1. All the 
films have a polycrystalline structure that includes 
orientations along different planes. These planes are 
(222), (004), and (044). The (222) peak is the strong-
est, indicating the preferred growth orientation of 
In2O3 cubic structure. Although the full-width at 
half-maximum (FWHM) and intensity values of 
these peaks changed with the SILAR cycle num-
ber, all the films had the same crystal structure. It 
was determined that the crystallinity of the films 

improved with the cycle number up to 40 SILAR 
cycle and began to break down after 40 SILAR cycle. 
In addition, the effect of SILAR cycle on crystallite 
size and strain values of the films was investigated. 
The crystallite size (D) of the films was calculated 
using the β of (222) dominant peak in all the films 
obtained through the Scherrer’s formula [23]:

 where K is the Scherrer constant (0.9), λ is the used 
X-ray wavelength, β is the angular line width at half-
maximum intensity in radians of the X-ray diffraction 
dominant peak, and θ is the Bragg’s angle. In addi-
tion, the strain (s) is calculated using the following 
equation [23]:

While, the crystallite size values increase from 9 
to 13 nm, strain values decrease from 0.21 line−2 m−4 
to 0.15 line−2 m−4 with increasing SILAR cycle up to 
40, respectively. In 50 SILAR cycle, the crystallite size 
decreased to 12 nm and the strain value increased to 
0.16 line−2 m−4. 

It is very important to determine the surface mor-
phology of metal oxides because the surface proper-
ties of metal oxide films used in optoelectronic device 
applications such as solar cells and gas sensors affect 
the electrical and optical properties of these devices. 
FE-SEM images and grain size distributions of In2O3 
thin films deposited via the SILAR method at 20, 30, 
40, and 50 SILAR cycles are presented in Fig. 2. The 
surface morphology of In2O3-nanostructured thin 
films has a porous structure composed of small nano-
sized particles [24, 25]. As seen in Fig. 2, the homo-
geneity and density of the films increased, whereas 
the porosity decreased with increasing SILAR cycle 
number. Especially, In2O3 thin film with 30 SILAR 
cycle has a homogeneous and uniform surface but 
a denser porous structure than the others. To deter-
mine the grains size, the size distribution of the thin 
films was plotted by counting the grains in the FE-
SEM images via imageJ software. The software-driven 
grain size values of the In2O3 films were determined 
as 9.18, 11.19, 14.35, and 11.46 nm for 20, 30, 40, and 
50 SILAR cycles, respectively. These results obtained 
from XRD and SEM analysis confirmed a strong cor-
relation between the two measurements.

(2)D =
K�

� cos �
,

(3)s =
� cos �

4

.

Fig. 1   The GIXRD patterns of In2O3 thin films
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Fig. 2   FE-SEM images and grain size distribution of In2O3 thin films [20 SILAR Cycle (a), 30 SILAR Cycle (b), 40 SILAR Cycle (c), 
and 50 SILAR Cycle (d)]



	 J Mater Sci: Mater Electron (2024) 35:163163 Page 6 of 14

Previous studies have revealed that porous metal 
oxide structures had advantage for gas sensor applica-
tions as they provided efficient adsorption sites for gas 
molecules to adsorb and enlarged surface-to-volume 
ratio for the complete electron depletion and effective 
gas diffusion, thereby increasing sensor performance. 
Researchers have focused on the synthesis of In2O3 
porous structures due to the unique properties of gas 
sensors based on porous metal oxide structures in 
recent years [22, 24, 26, 27]. 

Figure  3 indicates the compositional (EDAX) 
analysis of In2O3 thin films. EDAX analysis revealed 
the presence of O and In elements in the films. The 
atomic percent values of these elements in the films 
were given in the inset of EDAX analysis. The pres-
ence of Si element could originate from the substrate. 
Consequently, the EDAX analysis confirmed that the 
films were stoichiometrically deposited with SILAR 
method. 

3.2 �Gas sensing measurements

The plots of electrical resistance (R versus T(K) and 
lnR versus 1000/T(K)) of all In2O3 thin film-based sen-
sors as a function of operating temperature in dry air 
are presented in Fig. 4. As seen in Fig. 4; Table 1, it 
was observed that the resistance values of the sensors 
decreased with increasing temperature and changed 
with the SILAR cycle number. This decrease in elec-
trical resistance with increasing temperature in all 
sensors indicated semiconductor behavior [6]. When 
the I–V measurement results were investigated, it 
was determined that this decrease in electrical resist-
ance was because of temperature and not to the dif-
fusion of the Ag metal used as an electrode into the 
thin films with temperature. Ag material can move 
or migrate at temperatures above 300 °C temperature 
at the electrode and oxide interface [28]. The temper-
ature-dependent measurements of the sensors were 

Fig. 3   EDAX analysis of In2O3 thin films

Fig. 4   Behavior of the resistance of the In2O3 thin film-based 
gas sensors versus operating temperature and the plot of ln(R) 
versus 1000/T

Table 1   The resistance (R) and activation energy (Ea) values of 
In2O3 thin film-based gas sensors

LR low-temperature region and HR high-temperature region

In2O3 gas sensors R (Ω) Ea (eV)

300 K 500 K LR HR

20 Cycle 1.18 × 1010 6.79 × 106 0.08 0.700
30 Cycle 1.53 × 1010 4.98 × 106 0.11 0.735
40 Cycle 2.51 × 1010 5.73 × 106 0.15 0.749
50 Cycle 2.45 × 1010 7.00 × 106 0.12 0.703
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performed from the room temperature to 252 °C. It is 
thought that there is no diffusion of Ag material into 
the thin films since no measurement is taken above 
300 °C. Also, the melting point temperature of Ag 
material is 961.78 °C. Since the measurements of the 
sensors were not made up to this temperature, it has 
been thought that diffusion of Ag material into thin 
films at the atomic scale did not occur. The intrinsic 
stoichiometric In2O3 has insulating properties, and it 
has high resistivity (ρ ≈ 108 Ω cm) and low free car-
rier concentration in the close stoichiometric state [29, 
30]. The reason for high resistance values of the sen-
sors was attributed to the stoichiometric deposition 
of In2O3 films (as confirmed by EDAX data), disloca-
tions and imperfections in the structure of the films 
[29–31]. Activation energy (Ea) is one of the important 
parameters for semiconductor gas sensors. The activa-
tion energy was possible to be calculated for two linear 
regions from the slope of lnR versus 1000/T in Fig. 4 
[6]. The Ea values of the sensors were found to change 
between 0.08 and 0.15 eV at low-temperature region 
(LR: in the range of 300–340 K) and between 0.700 and 
0.749 eV at high-temperature region (HR: in the range 
of 350–520 K), with SILAR cycle number (in Table 1). 

In this study, the effects of SILAR cycle number on 
CO gas sensing properties of the fabricated In2O3 sen-
sors were investigated to optimize the SILAR cycle for 
a highly sensitive In2O3 thin film-based CO gas sensor. 
For this purpose, CO gas sensing measurements of the 
sensors as a function of temperature and CO gas con-
centration were made and the operating temperature 
and detection limits of the sensors were determined.

Adsorption and desorption of gases on sensing 
surfaces of sensors or surface reaction of these gases 
with adsorbed oxygen appears depending upon the 
operating temperature. Consequently, operating 
temperature is one of the key parameters in gas sen-
sor applications. To find the optimal operating tem-
perature of the sensors, the temperature-dependent 
gas sensing measurements were performed from 
the room temperature to 252 °C at 50-ppm CO gas 
concentration. Figure 5 indicates the responses of 
the sensors to 50-ppm CO gas at different operating 
temperatures. As well known, the operating tem-
perature highly controlled the conductivity, reaction 
kinetics, and electron mobility and so affected the 
gas sensing performance of the sensors. When the 
sensors were operated at temperatures below 87 °C, 
CO molecules did not have enough thermal energy 
to react with the surface-adsorbed oxygen species. 

For this, the responses of the sensors were too low 
to be detected up to 87 °C. It was noticed from Fig. 5 
that the responses of all sensors increased with the 
operating temperature and reached to the maximum 
at 222 °C. After this temperature, the responses of 
all sensors started to decrease. This behavior could 
be attributed to the kinetic of gas diffusion through 
the sensing layer and the kinetics of the reaction 
between CO gas and surface-adsorbed oxygen. As 
the temperature increased up to 222 °C, the required 
activation energy for the reaction between the sen-
sor surface and gas molecules decreased and so the 
response of the sensors increased. However, when 
the operating temperature was above 222 °C, the CO 
gas was just consumed at a very shallow surface of 
the sensing layer, resulting in a decrease in the diffu-
sion depth of the gas. Therefore, the change in sensor 
resistance decreased and caused decreased responses 
of the sensors [6, 20, 22, 32, 33]. . The optimal operat-
ing temperature was found to be 222 °C for all sen-
sors. As seen in Fig. 5, In2O3 thin film-based sensor 
with 30 SILAR cycle had the highest sensitivity for 
50-ppm CO gas concentration value at all operating 
temperatures. 

The responses of the sensors to different CO gas 
concentrations within the range of 1–100 ppm at 
222 °C were investigated performing dynamic gas 
measurements. Figures 6 and 7 indicate dynamic 
gas measurements of the sensors at 222 °C. The 

Fig. 5   The sensing responses of In2O3 thin film-based gas sen-
sors as a function of operating temperature at 50-ppm CO gas 
concentration
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responses of the sensors increased with increasing 
gas concentrations. This behavior was possible to 
be associated with increased probability of reaction 
between the surface-adsorbed oxygen species and 
gas molecules as CO gas concentration increased [6, 
12, 18, 22, 27]. As seen in Figs. 6 and 7; Table 2, In2O3 
thin film-based sensor with 30 SILAR cycle had the 
maximum response when compared to the other sen-
sors in all CO gas concentrations (within the range of 
1–100 ppm) at 222 °C. It was observed for this sensor 
that the response of the sensor increased from 29 to 
91% at 222 °C as the CO gas concentration increased 
from 1 ppm to 100 ppm. Also, the results revealed 
that the lowest detection limit for CO gas reached 
up to 1 ppm at 222 °C with sufficiently high response 
values for all sensors. The morphological property of 
this sensor played a crucial role in high response of 

Fig. 6   The time-dependent sensing responses of the In2O3 thin film-based gas sensors [20 SILAR Cycle (a), 30 SILAR Cycle (b), 40 
SILAR Cycle (c), and 50 SILAR Cycle (d)] toward CO gas at 222 °C

Fig. 7   The sensing responses of the In2O3 thin film-based gas 
sensors as a function of CO gas concentration at 222 °C
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the sensor. As indicated in the morphological prop-
erties of thin films in Sect. 3.1, it was emphasized that 
porous metal oxide structures were advantageous for 
gas sensor applications, thereby increasing the sen-
sor performance. The results proved that the sen-
sor with 30 SILAR cycle with denser porous surface 
area had the highest response value and the porous 
nanostructures were a promising sensing material 
for gas sensor applications. However, few studies 
were available on the CO gas sensing properties of 
porous In2O3 nanostructures, although porous struc-
tures had many advantages. For example, the porous 
In2O3 nanoparticles provided multiple active sites 
for the adsorption of gas molecules, resulting in a 
fast sensor response of 6877 for 10-ppm NO2 gas at a 
very low temperature of 50 °C [8]. Tong et al. deter-
mined that the porous In2O3 sensor was the best gas 
sensing performance at an operating temperature 
of 350 °C with a response value of approximately 

3.5 for 400-ppm CO gas [22]. The mesoporous In2O3 
nanorod arrays had sensing parameters, such as a 
response value of 14.9 for 800 ppb NO2 at 25 °C, a 
short response time of 14 s, and a short recovery 
time of 32 s [27]. The porous In2O3 nanospheres had 
a response value of approximately 22 for 100-ppm 
ethanol at 275 °C [34]. A brief review of In2O3-based 
gas sensors is presented in Table 3.  

To evaluate the gas sensing performance of the 
gas sensors, response and recovery time are two 
crucial factors. Traditionally, response and recovery 
times are calculated as the time it takes for the total 
signal change to reach 90% after the sensor starts 
interacting with the gas and the time it takes for the 
total signal change to reach 90% after the interac-
tion ends. However, the shape of the transient signal 
during the response and recovery phases is critical. 
When reviewing gas sensor studies in the literature, 
three different situations regarding the transition 

Table 2   The sensing 
responses of In2O3 thin 
film-based gas sensors 
as a function of gas 
concentrations at 222 °C

In2O3 gas sensors Sensing response

CO gas concentrations

1 ppm 5 ppm 10 ppm 20 ppm 30 ppm 40 ppm 50 ppm 100 ppm

20 Cycle % 12 % 21 % 26 % 32 % 38 % 42 % 47 % 52
30 Cycle % 29 % 36 % 49 % 61 % 67 % 75 % 84 % 91
40 Cycle % 26 % 35 % 45 % 49 % 54 % 67 % 74 % 80
50 Cycle % 20 % 26 % 31 % 41 % 47 % 56 % 63 % 68

Table 3   Summary of sensing performances of various In2O3-based gas sensors

Sensor material Fabrication method Target gas Operation 
temperature 
(°C)

Gas concen-
tration (ppm)

Gas response Response equation References

In2O3 Thermal evaporation Ethanol 325 1000 10.57 S =

(

Ra

Ra

)

× 100
[6]

In2O3 Hydrothermal NO2 50 3 10 S =
Rg

Ra

[8]

In2O3 Hydrothermal Toluene 220 1 3.55 S =
Ra

Rg

[12]

In2O3 Hydrothermal CO 350 400 3.5 S =
Ra

Rg

[22]

In2O3 Hydrothermal H2 260 500 18 S =
Ra

Rg

[24]

InZnO Sol–gel CO 300 50 5 S =

(

Ra

Rg

)

× 100
[43]

SnO2/In2O3 Electrospinning CO 200 100 17.45 S =

(

Rg−Ra

Ra

)

× 100
[44]

In2O3 SILAR CO 222 100 91 S =

(

Ra−Rg

Ra

)

× 100
This work
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signal are commonly encountered. In the response 
phase, depending on the on-off periods of the gas, 
the response may show various behaviors, such as (i) 
reaching a maximum and saturating (desired state), 
(ii) reaching a maximum and then falling slowly, or 
(iii) not reaching the maximum stable value. For sig-
nal shapes with all these behaviors, the response and 
recovery times were calculated by the researchers 
using the traditional method described above. There 
is still debate about calculating the recovery time, par-
ticularly for signals that are not fully saturated (case 
iii). It should not be forgotten that an incomplete satu-
ration signal may often be directly related to the on-off 
time of the gas. Therefore, the estimated response and 
return times in this special case are the values calcu-
lated for the on-off period in the current study [35–40]. 
Figure 8 indicates the response time and recovery time 
of In2O3 thin film-based sensor with 30 SILAR cycle 
for 1-ppm and 100-ppm CO gas concentrations at 222 
°C. As seen in Fig. 8, the response and recovery times 
of the sensor with 30 SILAR cycle were found to be 
54.2 s and 49 s for 1-ppm CO gas and 47.4 and 62.5 s 
for 100-ppm CO gas at 222 oC, respectively. The time 
values were found to be compatible with the reported 
sensors in the literature [16, 22, 41]. 

3.3 �Gas sensing mechanism

Figure 9 indicates the schematic images of CO sens-
ing mechanism and energy-band diagrams of n-type 

In2O3 thin film-based sensors [33]. A resistive gas 
sensor’s gas sensing mechanism can be suggested as 
follows: First, by adsorbing and desorbing oxygen 
species from the surrounding air on the surface, the 
electrical behavior is first significantly altered. When 
exposed to air, the surfaces of porous In2O3 thin films 
will adsorb some oxygen molecules. The oxygen 
adsorption alters the electrical characteristic of the 
films. Depending on the operating temperature, the 
adsorbed oxygen molecules transform into oxygen 
ions (O2

−, O−, O2−) by capturing free electrons from 
the conduction band of the films. Thus, a depletion 
layer is created on the surface regions, which causes 
an increase in the resistance of the films [22, 33, 42]. 
When the sensing surface is exposed to CO gas, the 
adsorbed oxygen ions on the surfaces of the films 
react with the reducing CO gas [9, 20]. The reaction 
is indicated as follows [22, 42]:

Electrons are released back into the conduction 
band of the films, thereby reducing the width of 
the depletion layer. Consequently, the decrease is 
observed in the resistance of the films. Tong et al. 
[22-pages 6–8] and Li et al. [33-pages 172,173] had 
schematically explained the sensing mechanism of 
In2O3- and Fe2O3-based sensors. 

(4)CO(g) +O
−
(ads)

→ CO
2(g) + e

−
.

Fig. 8   The response and recovery times of the In2O3 thin film-based gas sensor with 30 SILAR cycle for 1-ppm (a) and 100-ppm (b) 
CO gas concentrations at 222 °C
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4 �Conclusion

In2O3 thin films were successfully deposited via SILAR 
method on glass substrates at 20, 30, 40, and 50 SILAR 
cycles. The GIXRD results indicated that In2O3 thin 
films had a polycrystalline structure with cubic phase, 
and the crystallinity of the films improved with the 
cycle number up to 40 SILAR cycle and then began 
to break down after 40 SILAR cycle. The surface mor-
phology of the films had a porous structure composed 
of small nano-sized particles. In2O3 thin film with 30 
SILAR cycle had a homogeneous and uniform surface 
but a denser porous structure than the other cycles. 
The EDAX analysis confirmed that the films were sto-
ichiometrically deposited with SILAR method. The 
effects of SILAR cycle number on the CO gas sensing 
properties of the fabricated sensors were investigated 
as a function of temperature and gas concentration to 
optimize the SILAR cycle for highly sensitive In2O3 
thin film-based CO gas sensors. The electrical resist-
ance values of the sensors changed in the range of 
1.18 × 1010 – 2.51 × 1010 Ω at 300 K, with SILAR cycle 
number. The Ea values of the sensors were found 
to change between 0.08 and 0.15 eV in the range of 
300–340 K and between 0.700 and 0.749 eV in the range 
of 350–520 K, with SILAR cycle number. The SILAR 
cycle number considerably affected the efficiency of 
the sensors, according to gas sensing measurements. 
The CO sensing results indicated that In2O3 thin film-
based sensor with 30 SILAR cycle had higher sensitiv-
ity for 1–100-ppm CO gas concentration values at 222 

°C operating temperature than the other sensors. For 
this sensor, it was observed that the response of the 
sensor increased from 29 to 91% at 222 °C as the CO 
gas concentration increased from 1 ppm to 100 ppm. 
The response and recovery times of the sensor with 
30 SILAR cycle were found to be 54.2 s and 49 s for 
1-ppm CO, and 47.4 and 62.5 s for 100-ppm CO gas 
at 222 °C, respectively. Consequently, it was revealed 
how the SILAR cycle number affected the general and 
CO gas sensing properties of the In2O3 thin films, and 
the SILAR cycle optimization for the highly sensitive 
In2O3 thin-film-based CO gas sensors was determined 
to be 30 SILAR cycle. In2O3 thin film with 30 SILAR 
cycle was proved to be a promising sensing material 
for detecting toxic CO gas in air pollution monitoring 
process.
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