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ABSTRACT

Herein, we report the role of indium (In) on the carbon monoxide sensing of

ZnO thin films using a low-cost spray pyrolysis technique. The decrease in

crystalline size was observed from XRD studies and hexagonal wurtzite struc-

ture was confirmed. Photoluminescence and XPS studies proved the presence of

various defects in the films. The gas-sensing properties of films toward carbon

monoxide (CO) gas indicate that 15 wt% of In in ZnO thin films (IZO) exhibit

high response (1.84) to a low concentration of the gas (1 ppm) at 300 �C com-

pared to undoped ZnO (0.53). The observed high response of 15 wt% IZO can be

mainly endorsed to the oxygen vacancy defects as observed from the photolu-

minescence and XPS analysis. Further, the high response is complemented by

high surface area and smaller grain size (* 13.1 nm) with well-defined grain

boundaries as evident from SEM analysis as well as XRD studies.

1 Introduction

Air pollution has been increased in a large amount in

recent years due to rapid industrialization and

urbanization. Highly flammable, toxic, and haz-

ardous gases such as carbon monoxide (CO), carbon

dioxide (CO2), hydrogen sulfide (H2S), sulfur dioxide

(SO2), ammonia (NH3), liquefied petroleum gas

(LPG), etc. are causing environmental contamination

at an alarming rate [1–5]. Among the mentioned

gases, carbon monoxide can be detrimental to human

beings as it plays a significant role in contributing to

polluting the atmospheric air due to the high amount

of combustion processes [6]. As a result of combus-

tion from motor vehicles and industries, CO is

released into the atmosphere at an alarming rate. It is

a poisonous gas with no color, odor, and taste, and

therefore, it is difficult to detect, particularly in low

concentrations [7]. Above 15 ppm, it is reported that

inhalation of CO affects the human body at a dan-

gerous level [8]. A single exposure to CO in large
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doses is acute and repeated exposure to CO in low

levels for a long time is chronic. CO combines with

hemoglobin and forms carboxyhemoglobin thereby

decreasing the oxygen transport capacity of the blood

[9, 10]. Studies indicate that the threshold limit value

(ACGIH) of CO gas is 25 ppm [11]. Also, several

deaths have been reported recently due to the leakage

of CO gas from electric appliances such as heater.

Therefore, the active and timely detection of CO gas

at a low concentration level is a pressing need at

present. Henceforth, different types of gas sensors are

developed to sense the harmful CO gas.

Among the different kinds of gas sensors, metal

oxide semiconductor (MOS)-based gas sensors have

gained extensive attention because of its high selec-

tivity, sensitivity, ability to sense a wide variety of

gases, and low fabrication cost [12–15]. They possess

high surface area, high electron mobility, and excel-

lent catalytic properties [16]. MOS-based resistive gas

sensors also called as chemiresistive sensors are

extensively used due to its simple operation along

with enhanced sensing properties. They are devices

that produce a measurable electrical signal upon

exposure to a chemical environment containing gases

[17]. Tungsten oxide (WO3), tin oxide (SnO2), tita-

nium oxide (TiO2), and zinc oxide (ZnO) are some of

the most recognized gas-sensing metal oxide semi-

conductors [18, 19]. However, ZnO stands out as a

capable candidate for gas sensor applications owing

to its exceptional material properties. It is an II–VI

wide bandgap semiconductor. It occurs naturally as

n-type and stable chemically as well as thermally.

ZnO possesses high mobility, optically transparent in

the visible region, and is one of the finest sensors for

an extensive range of both reducing and oxidizing

gases and the ease of preparation and availability in

abundance makes it a suitable contender [20–24].

Hjiri et al. fabricated aluminum (Al)-doped ZnO

sensor [25] and indium (In)-doped ZnO sensor [26]

by sol–gel route technique for detection of CO in the

range of (5–50) ppm at various operating tempera-

tures from 250 to 300 �C. They optimized the tem-

perature to be 300 �C and found the response to a low

concentration of 5 ppm for both the dopants. They

had also studied the response of pristine ZnO

nanoparticles toward CO concentrations of (5–50)

ppm at 350 �C [27]. Dhahri et al. [28] deposited In-

doped ZnO nanoparticles and found the response at

350 �C toward CO concentrations of (5–50) ppm. Pan

and Zhao [29] performed on-chip sensing toward

250 ppm and 500 ppm of CO gas at room tempera-

ture by ZnO nanocomb-based gas sensors. However,

all these studies report the sensing of CO gas con-

centrations above 5 ppm. Paliwal et al. [30] fabricated

ZnO-based optical sensors for CO detection and

recorded the sensing to (0.5–100) ppm gas concen-

trations from the change in reflectance. However,

fabrication of optical gas sensors involves relatively

high cost and complex instrumentation compared to

MOS-based gas sensors.

In this study, low concentrations of CO-sensing

properties of indium-doped ZnO (IZO) thin films

prepared via spray pyrolysis method are presented.

Spray deposition was adopted to develop the sensing

layer due to its flexibility in scaling to industrial

manufacturing [31, 32]. To date, there are no reports

on CO gas sensing at lower concentrations below

5 ppm by resistive-based ZnO gas sensor. The

detection at the lowest level is significant because of

the hazardous nature of the CO gas. Indium is chosen

as the dopant since it has proven itself as an effective

element to enhance the electronic properties of ZnO

[33]. Close examination of the literatures proves that

indium is an excellent dopant in enhancing the oxy-

gen vacancies in the sensing layer which plays a

critical role in improved sensitivity toward CO gas.

Tan et al. [34] reported the improvement in oxygen

vacancies upon In doping in ZnO nanorods, thereby

facilitating the excellent CO-sensing performance.

Moreover, gas-sensing analysis of spray-coated IZO

thin films is not well reported except a few studies on

the sensing of CO gas above 5 ppm. In this work, we

successfully synthesized In-doped ZnO-sensing layer

that could detect a low concentration of 1 ppm of CO

gas.

2 Experimental specifics

2.1 Preparation of IZO thin films

The precursors used for the synthesis of undoped

and IZO thin films were zinc acetate dihydrate

[(CH3COO)2Zn�2H2O] and indium(III) nitrate

hydrate (InN3O9�xH2O). At room temperature, zinc

acetate dihydrate of 0.05 M concentration was dis-

solved in double-distilled water and a homogenous

solution is obtained after stirring magnetically. The

indium doping was achieved at fixed doping con-

centrations of 5 wt%, 10 wt%, and 15 wt% by adding
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a solution of indium nitrate hydrate dissolved in

double-distilled water to the host solution. The final

solution was sprayed onto a soda-lime glass substrate

which was ultrasonically cleaned by spray pyrolysis.

The substrate temperature was held at 425 �C. The
film thickness was kept to be around * 300 nm

measured using a thickness profilometer. Further

increase in indium doping resulted in a non-uniform

formation of the film as well as a slow adsorption

process. The illustration of precursor solution

preparation and synthesis of IZO thin films by spray

pyrolysis deposition is shown in Fig. 1.

2.2 Material characterization

The dopant-induced structural variations in ZnO

films were analyzed by glancing angle X-ray

diffraction (GAXRD). The linear optical measure-

ments were obtained using UV–visible spectrometer

given in S1 of Supporting Information and surface

morphological variations were studied from atomic

force microscope (AFM) using Bruker Icon in tapping

mode and scanning electron microscopy (SEM). The

several defects responsible for the gas sensing are

investigated by employing photoluminescence (PL)

spectroscopy technique. X-ray photoelectron spec-

troscopy (XPS) were performed to determine the

chemical states of Zn, O and In in the deposited films.

2.3 Gas sensing measurements

Conducting silver paste was used to make Ohmic

contacts to serve as the electrodes. The undoped and

IZO sensors were placed in sequence in a gas

chamber (3.05 9 10-4 cm3 in volume). Mass flow

controllers were utilized to monitor the mixing ratio

of CO gas and dry air (20% oxygen and 80% nitrogen)

in required concentrations. The whole flow of gases

was kept at 500 sccm. Dry air was purged in a con-

trolled manner to the chamber to stabilize the sensor

resistance. The operating temperature was optimized

by analyzing sensor responses at different tempera-

tures. The CO gas was purged to the chamber in

required concentrations by diluting with synthetic air

and the change in the resistance of the sensor in the

air and CO was noted continuously at the optimized

temperature for sensing measurements. The resis-

tance change was measured using a Keithley 2450

source meter. The CO gas concentrations were

maintained from 1 to 5 ppm at an interval of 1 ppm.

The recovery time and the response time of the IZO

sensor on exposure to different CO gas concentra-

tions were computed. The schematic arrangement of

measurement set-up for sensing is shown in Fig. 2.

Fig. 1 Illustration of precursor solution preparation and synthesis of IZO thin films
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3 Results and discussions

3.1 Structural investigations

The obtained films are polycrystalline and the

diffraction peaks correspond to hexagonal wurtzite

structure with space group P63mc (JCPDS card file

36-1451). The obtained peaks correspond to (002),

(100), (101), (102), (103) (110) (112) planes of ZnO. All

the GAXRD patterns were observed to be preferen-

tially oriented toward the most intense (101) plane.

The observed peak intensity varies with the concen-

tration of doping owing to the reduction in crystalline

size which causes a decrease in the peak intensity in

the preferred orientation. Also, it is evident that upon

15 wt% In doping the intensity of (100) and (002)

peaks has increased. A rise in the indium doping

concentration causes a peak broadening in the most

intense diffraction peak which could be related to the

generation of strain in the films since In3? has a larger

ion radius (0.080 nm) than Zn2? (0.074 nm) [35–37].

XRD patterns of undoped and IZO films are

depicted in Fig. 3. Various microstructural parame-

ters obtained from X-ray characterization are pre-

sented in Table 1. Scherrer equation was employed to

determine the crystalline size [38] given by,

D ¼ kk
bcosh

: ð1Þ

The strain was calculated from the formula [39]

and observed to be increased upon In doping.

e ¼ bcosh
4

: ð2Þ

The comparison of the XRD data of Indium oxide

(In2O3) with 15 wt% IZO is included in S2 of Sup-

porting Information.

3.2 Morphological investigations

The surface morphological studies of the films were

analyzed by AFM and SEM techniques and shown in

Fig. 4. A top view of the images clearly shows that

the results are in decent agreement with each other

for undoped and doped films.

The RMS values of the roughness of the films were

computed by Nanoscope Analysis using AFM

micrographs. The values are in the range 8 to 28 nm

indicating the smooth nature of the films. The RMS

roughness values are 28.4 nm for undoped, 10.6 nm

for 5 wt%, and 10 wt% and 8.18 nm for 15 wt% IZO

films. The grains in undoped film exhibit pea-shaped

structure and upon increasing indium concentration,

the films are gaining hexagonal shape as evident

from SEM analysis. The grain size is reducing upon

indium doping with an increase in grain boundaries

and it is in line with the XRD results obtained. The 15

wt% IZO film has a large surface area and many

grains with well-defined grain boundaries compared

to other films. This aids in providing more sites that

are active for gas adsorption which in turn boosts the

response toward the target gas [40]. The impact of

nanograins on the gas-sensing properties of ZnO

Fig. 2 Schematic arrangement

of the gas sensor measurement

system
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nanorods is reported by Kim et al. [41]. The grain

boundaries hinder the electron flow since they act as

potential barriers. In the presence of gas, the grain

boundaries disappear and the resistance decreases

which results in the high resistance modulation along

the grain boundaries, thereby enhancing the perfor-

mance of the sensing mechanism.

3.3 Photoluminescence studies

The PL spectra of the films were recorded at an

excitation wavelength of 325 nm at ambient

temperature [42]. The obtained spectra depict differ-

ent emission centers in the ultraviolet region as well

as in the visible region which are referred to as near

band edge (NBE) emission and deep level emissions

(DLE), respectively. Gaussian deconvolution of the

PL spectra depicted in Fig. 5 identifies the distinct

presence of different individual components which

includes different emission centers. Table 2 shows the

PL emission centers and the proposed origin of

defects. The undoped ZnO films exhibit a strong NBE

emission compared to the emission in the visible

region. Emission in the visible region corresponds to

the oxygen vacancy defects and interstitial defects in

ZnO films [43]. The UV emission centered at 384 nm

(3.23 eV) is originated from the free exciton recom-

bination via exciton–exciton collision [43–45]. The

blue emission centered at 476 nm (2.61 eV) and

orange emission centered at 600 nm (2.07 eV) corre-

spond to oxygen interstitial effects and green emis-

sion centered at 552 nm (2.25 eV) corresponds to

oxygen vacancy defect (donor defect) since it acts as

radiative centers in luminescence process [44, 45].

Figure 6 shows the PL band energy diagram with the

proposed origin of defects.

Upon higher In doping concentration, it is

observed that the different emission peaks are getting

broadened which infers the enhancement of defect

concentration. Doping with indium enhances the

broadening of the NBE emission peak which implies

the increase in exciton recombination [45]. It is

observed that the orange and blue emissions get

suppressed due to the quenching of oxygen intersti-

tial defects. In 15 wt% In-doped ZnO film, a broad-

ening of the green emission peak centered at 575 nm

(2.16 eV) is observed which indicates the enhance-

ment of oxygen vacancies. It is noteworthy that

oxygen vacancies are inherent to ZnO thin films

which are further observed to be enhanced upon In

incorporation [44]. This characteristic of In: ZnO film

Fig. 3 XRD patterns of (a) undoped, (b) 5 wt%, (c) 10 wt%, and

(d) 15 wt% IZO thin films

Table 1 Microstructural parameters of undoped and IZO thin films

Doping concentration (wt%) FWHM (101)

plane

Crystalline size,

D (nm)

Dislocation density, d (1015 lines

m-2)
Strain,

”

(10-3)

Undoped 0.42335 19.9 2.53 1.74

5 0.45803 18.5 2.93 1.88

10 0.50997 16.4 3.71 2.11

15 0.70102 13.1 5.79 2.63
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Fig. 4 SEM and AFM

micrographs of (a) undoped,

(b) 5 wt%, (c) 10 wt%, and

(d) 15 wt% IZO thin films
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possesses a vital role in gas-sensing performance. The

orange emission gets completely quenched and the

blue emission at 456 nm (2.72 eV) gets suppressed in

15 wt% IZO film.

3.4 XPS studies

XPS studies were done to determine and verify the

elemental composition of the undoped and IZO films.

Carbon 1s binding energy at 284.5 eV was taken as

the basis to correct the binding energies of the ele-

ments. The core-level spectra of Zn and O in both

undoped and 15 wt% IZO thin films as well as the

core-level spectra of In in 15 wt% IZO thin film are

shown in Fig. 7a–c.

From the Zn core-level spectra of undoped film, the

binding energies were observed at 1019 eV for the Zn

2p3/2 and 1042 eV for the Zn 2p1/2 peak. A minor

shift in peak to higher binding energy values of

1022 eV for Zn 2p3/2 and 1045 eV for 2p1/2, respec-

tively, is observed from the core-level spectra of 15

wt% IZO thin film. The peak shift is attributed to the

electronegative nature of In (v = 1.78) being higher

than Zn (v = 1.65). Owing to the high electronega-

tivity of indium, the free electron density of Zn in Zn–

O–In bond of 15 wt% IZO film becomes lesser than

Zn–O–Zn bond of undoped film. Accordingly, the

screening effect of zinc gets weakened in IZO film

and thereby increasing the Zn 2p binding energies.

The Zn 2p3/2 and Zn 2p1/2 core-level peaks are per

the binding energy confirming the Zn2? oxidation

Fig. 5 Gaussian deconvoluted PL spectra of (a) undoped, (b) 5 wt%, (c) 10 wt%, and (d) 15 wt% IZO thin films
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state, thereby approving the stability of the oxidation

state of Zn element with indium incorporation

[46–48].

The Gaussian function was utilized to deconvolute

the core-level spectra of O 1s peaks into integral

components and was deconvoluted into two peaks,

namely O 1s-I and O 1s-II at binding energies of

528.3 eV and 529.7 eV, respectively. The peak at

528.3 eV is related to O2- ions combined with Zn

atom and the peak at 529.7 eV to oxygen deficiency or

vacancy defect. A slight shift in binding energies to

530.7 eV for O 1s-I and 531.9 eV for O 1s-II is

observed in 15 wt% IZO thin film owing to the reason

mentioned above in the case of Zn 2p peak shift. The

area ratios of O 1s-I and O 1s-II peaks are obtained by

(O 1s-I)/(O 1s-I ? O 1s-II) and (O 1s-II)/(O 1s-I ? O

1s-II), respectively. In the undoped ZnO film, the area

ratios are * 54.02% and * 45.98% for O 1s-I and O

1s-II peaks, respectively. The incorporation of 15 wt%

indium changes the ratios of the O 1s-I and O 1s-II

peaks to 38.82% and 61.18%, respectively, suggesting

the enhancement of oxygen vacancy-related defects

upon doping with indium. This observation reveals

that the indium incorporation into ZnO lattice can

enhance the CO gas-sensing performance as oxygen

vacancies serve as an active adsorption site for the

gas species [46–48].

Table 2 PL emission centers

and proposed origin of defects Doping concentration (wt%) PL emission center (eV) Color center Proposed origin of defects

Undoped 3.23 UV NBE emission

2.61 Blue Oxygen interstitial

2.25 Green Oxygen vacancy

2.07 Orange Oxygen interstitial

5 3.09 UV NBE emission

2.71 Blue Oxygen interstitial

2.28 Green Oxygen vacancy

1.98 Orange Oxygen interstitial

10 3.15 UV NBE emission

2.75 Blue Oxygen interstitial

2.27 Green Oxygen vacancy

2.03 Orange Oxygen interstitial

15 3.11 UV NBE emission

2.72 Blue Oxygen interstitial

2.16 Green Oxygen vacancy

Fig. 6 Schematic of the band

diagram of PL emission
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The results of the In 3d core region reveal the

presence of doublet peaks that correspond to In 3d3/2

and In 3d5/2 peaks at 452.8 eV and 445.3 eV, respec-

tively, which confirm the ? 3 oxidation state of

indium, thereby indicating the effective incorporation

of indium to the ZnO lattice. No phases of In2O3 are

found which is in line with the XRD studies

[46, 48–51].

3.5 Gas sensing studies

Gas adsorption by the sensing layer is strongly reliant

on the thermally activated diffusion process. There-

fore, the sensing performance is dependent on the

operating temperature [41]. The operating tempera-

ture was optimized to be 300 �C and the sensing

voltage was found to be 1 V. Below 300 �C, the sensor
does not have adequate energy for the adsorption of

CO molecules [26].

Since CO is a type of reducing gas [52] and the IZO

layer exists as an n-type semiconductor [53], the

sensor resistance reduces upon gas exposure. When

synthetic air is flown to the chamber where the ZnO

sensor is placed, the oxygen because of its high

electron affinity around 0.43 eV gets readily adsorbed

to the sensor surface [15, 54]. The adsorbed oxygen

extracts electrons present in the conduction band and

gets converted into oxygen ion (O2
-, O- and O2-) by

the following reactions [55]:

O2ðadsorbedÞ þ e� $ O�
2ðadsorbedÞ; ð3Þ

O�
2ðadsorbedÞ þ e� $ 2O�

ðlatticeÞ: ð4Þ

As a result, a layer of depleted electrons is formed,

also called a space charge layer which creates a

potential barrier between adjacent grains. This layer

is a space of high resistance or low current since

electrons get obstructed from motion due to the

barrier height. Stabilization of sensor resistance

occurs when the adsorbed oxygen species gets satu-

rated. Exposure to CO gas causes the electrons to be

free to move back to the ZnO on reaction with the

chemisorbed oxygen, thereby reducing the width of

the space charge region which in sequence decreases

the resistance. The gas molecules consume the

oxygen ions adsorbed which cause a variation in the

density of oxygen ions and result in a change in the

electrical resistance. The surface reactions on expo-

sure to CO gas is given by [5].

COþO�
ads ! CO2 þ e�; ð5Þ

2COþO�
2ads ! 2CO2 þ e�: ð6Þ

The sensor resistance reaches the saturation level

when the adsorbed oxygen gets entirely reacted with

the CO gas. The schematic representing the mecha-

nism of CO gas sensing by the ZnO-sensing layer is

shown in Fig. 8.

Figure 9 depicts the dynamic response curves of

the undoped and IZO films. The response time and

recovery time of the In-doped ZnO sensors toward

various concentrations of CO gas are specified in

Table 3. The response and recovery time are the most

significant characteristics of a sensor. The undoped

sensor displayed a response time of 76 s toward

1 ppm of gas and 120 s toward 5 ppm of gas. From

the response curve analysis, it is evident that the 15

wt% sample had a substantial effect on the response

time as it could detect the lowest ppm of CO gas

(1 ppm) with a quick response time of 56 s. It showed

a response time of 24 s toward 5 ppm of CO gas.

Therefore, 15 wt% In doping exhibited quick

response time for the CO gas-sensing performance. It

has a high surface to volume ratio and large grain

boundaries compared to other films which are evi-

dent from SEM and XRD analysis. The presence of

oxygen vacancies confirmed from PL and XPS studies

contributes to the sensing performance as it provides

more sites for oxygen adsorption [56]. The trivalency

state of In3? compels to create more oxygen vacancy

by weakening the metal–oxygen bond energy to

conserve the charge neutrality in ZnO lattice. This

could be complemented by the fact that In–O bond-

ing energy is lower than Zn–O bonding energy

[57, 58]. More the number of vacant sites, more the

adsorption of oxygen ions which enhances the

number of CO gas species reacting, thereby increas-

ing the sensor response. Sumati et al. [59] confirmed

an excellent relation between CO gas-sensing

response and the oxygen vacancy defect. They

reported the significance of oxygen vacancies in

controlling the CO-sensing features of ZnO. The

adsorption of oxygen thickens the depletion region

which provides active sites for the CO gas adsorption

[60–62]. Al-Hashem et al. [63] defined oxygen

bFig. 7 (a) Zn core-level spectra of undoped and 15 wt% IZO thin

films, (b) O core-level spectra of undoped and 15 wt% IZO thin

films, (c) In core-level spectra of 15 wt% IZO thin films
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Fig. 8 Illustration of CO gas sensing by ZnO layer in (a) air and (b) CO gas

Fig. 9 Dynamic response plots of (a) undoped, (b) 5 wt%, (c) 10 wt%, and (d) 15 wt% IZO thin films

J Mater Sci: Mater Electron (2021) 32:22599–22616 22609



vacancy as a critical defect for the gas-sensing

mechanism. Oxygen vacancies increase the surface-

adsorbed oxygen concentration complementing the

modification of baseline resistance of the sensor.

The sensor response calculated using the formula

[56] versus In concentration for various CO gas con-

centrations is shown in Fig. 10 as well as tabulated in

Table 4.

Response ¼ Ra�Rg

� �
=Rg; ð7Þ

where Rg and Ra denote resistance in target gas and

resistance in air, respectively. CO gas-sensing studies

indicate that 15 wt% of IZO thin film exhibits high

response almost two times (1.84) to a low concen-

tration of the gas (1 ppm) at 300 �C compared to

undoped (0.53). The sensor response with different

CO gas concentrations for various In doping con-

centrations is shown in Fig. 11.

The high response and quick response times of 15

wt% IZO sensor can be correlated (i) to the creation of

higher defects concerning the oxygen vacancies pro-

viding supplementary active adsorption sites for CO

gas adsorption and (ii) to the large number of well-

defined grain boundaries catalyzed by indium which

indicates large surface to volume ratio, thus enhanc-

ing the adsorption of CO gas species [35].

Selectivity is a significant property of a gas sensor

from a practical standpoint. The optimized sensor (15

wt% In:ZnO) was exposed to 3 ppm of carbon

monoxide (CO), hydrogen sulfide (H2S), sulfur

dioxide (SO2), and nitrogen dioxide (NO2) at 300 �C.
The sensor showed an enhanced response toward CO

gas than the other tested gases, thereby confirming an

excellent selectivity toward the desired CO gas. Fig-

ure 12 shows the histogram of selectivity of 15 wt%

IZO sensor toward 3 ppm of CO, SO2, H2S, and NO2

gases at 300 �C.
The sensor stability is tested after 1 year. The

dynamic response curve of the freshly prepared film

and the film aged/preserved for 1 year of 15 wt%

IZO is shown in Fig. 13 and the calibration curve is

shown in Fig. 14. After 1 year, the sensor response

reduced slightly by 13% to 1 ppm of CO gas con-

centration confirming the long-term stability of the

sensor.

A comparison study of the CO-sensing character-

istics of IZO material with other recent studies of CO

gas sensors based on ZnO synthesized via various

methods is done and presented in Table 5. Most of

the work represented the lowest detection limit of

5 ppm and the optimum detection was in the range

of 1000 ppm. Our work reports the detection of the

lowest concentration of 1 ppm of CO gas with In-

doped ZnO gas sensor.

Table 3 Response and recovery times to different CO concentrations of undoped and IZO sensors

Gas concentration/In concentration (ppm) Response time (s) Recovery time (s)

Undoped 5 wt% 10 wt% 15 wt% Undoped 5 wt% 10 wt% 15 wt%

1 77 238 230 56 173 313 315 275

2 121 160 236 102 120 294 320 38

3 102 250 221 100 184 302 299 48

4 134 130 232 126 190 313 318 15

5 120 235 246 24 232 236 314 273

Fig. 10 Sensor response versus In concentration for different

concentrations of CO gas
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4 Conclusion

Undoped, 5 wt%, 10 wt%, and 15 wt% IZO thin films

are synthesized via chemical spray technique. The

films are characterized mainly by XRD, AFM, SEM,

PL, and XPS to confirm the structural, morphological,

and defect properties to understand the sensing

mechanism. The role of In doping in ZnO nanos-

tructures in CO gas-sensing was carried out with

different doping concentrations. It is observed that 15

Table 4 Sensor response

values of undoped and IZO

layers toward different

concentrations of CO gas

Gas concentration/In concentration (ppm) Sensor response

Undoped 5 wt% 10 wt% 15 wt%

1 0.53 0.47 0.32 1.84

2 1.07 0.72 0.62 2.75

3 1.47 0.80 0.85 4.10

4 1.93 0.86 1.12 4.19

5 2.14 1.12 1.39 4.17

Fig. 11 Sensor response versus CO concentration for different

indium doping concentrations

Fig. 12 Histogram of selectivity of 15 wt% IZO sensor toward

3 ppm of CO, SO2, H2S, and NO2 gases at 300 �C

Fig. 13 Dynamic response curve of 1 year preserved and fresh

samples of 15 wt% IZO

Fig. 14 Calibration curve corresponding to Fig. 13
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wt% indium doping enhanced the sensing perfor-

mance effectively at a low concentration of 1 ppm of

the CO gas as well as at 5 ppm for an optimum

operating temperature of 300 �C. High response and

quick response times were obtained for the 15 wt%

IZO sensor that are attributed to the oxygen vacan-

cies present in it. Excellent selectivity among other

tested gases and long-term stability were exhibited

by the sensor which are crucial parameters from a

practical standpoint. Thus, indium proved to be a

promising dopant to ZnO nanostructures for CO gas

sensor applications.
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Table 5 Comparison table with previously reported ZnO-based CO gas sensor

Material Preparation

method

Concentration

(ppm)

Operating

temperature (�C)
Response

time (s)

Recovery

time (s)

Sensor

response

References

In:ZnO thin films Spray

pyrolysis

5 (LDL: 1) 300 24

56 (1 ppm)

273

275 (1 ppm)

4.17

1.84

(1 ppm)

This work

In:ZnO

nanoparticles

Sol–gel 50 (LDL: 5) 300 * 20 * 45 3.5 [28]

In:ZnO

nanoparticles

Sol–gel 50 (LDL: 5) 300 NA NA 4.80 [26]

Al:ZnO

nanoparticles

Sol–gel 50 (LDL: 5) 300 7 16–30 s 1.6 [25]

ZnO honeycomb RF sputtering 3 300 180 210 81.2 [64]

ZnO:rGO

nanoparticles

Hydrothermal 1000 200 7 9 85.2 [65]

Pd:ZnO

nanostructures

RF sputtering 50 150 17 23 1022 [66]

Cu:ZnO Co-sputtering 20 350 NA NA 2.7 [67]

LDL lowest detection limit, NA not applicable
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