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Prime Novelty Statement

In.Ss material has been eventually used in optoelectronic and photovoltaic. This work reports
on the integration of In.S3 material for use as an ozone sensor. In2Sz thin films were deposited
on SiO/Si substrates by inexpensive and simple spray pyrolysis technology. Structural,
morphological, optical and ozone sensing properties of films have been investigated. We have
shown that the sensor shows good reproducibility and it is able to detect an ozone
concentration of 40 ppb by increasing resistance 1.5 times. The selectivity study shows that
the In2S3 sensor is highly sensitive to ozone and nitrogen dioxide at 160°C while at 350°C this
property is balanced in favor of volatile organic compounds. This work reveals the sensing
potential of In>Ss3 film deposited by spray pyrolysis route for highly sensitive and ppb-level O3z

detection.
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Abstract

In order to integrate new sensitive materials for ozone (Os3) detection, In2S3 films were
prepared via a facile pyrolysis spray method. Physical properties of the obtained samples were
investigated by GIXD, AFM, SEM, EDS, XPS, PL and UV-visible spectroscopy techniques.
The sensor shows high sensitivity to ozone and the limit of Oz detection is as low as 40 ppb.
The optimal working temperature is found to be 160°C and the detection mechanism is based
on dissociative chemisorption. In addition, the gas sensor exhibits acceptable rapidity and
good selectivity to Oz at 160°C. This study demonstrates the possibility of producing

inexpensive and sensitive ozone gas sensors based on sprayed In2Sz films.
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l. Introduction

Ozone (O3) is a naturally occurring gas in our atmosphere. It is an essential constituent of the
stratosphere at an altitude of between 15 and 20 km ensuring a primordial role of UV filter. In
the troposphere on the surface of our planet, it is a major secondary pollutant resulting from
the chemical transformation between nitrogen oxides (NOx) and volatile organic compounds
(VOC) under the sunlight during the hot days. Furthermore, ozone is used for drinking water
disinfection and has advantages over chlorine which may be carcinogenic [1]. Ozone can also
kill pests in foods and has a potential to inactive microbes, bacteria, fungi, and viruses [2].
From an environmental point of view, ozone inhibits the photosynthesis process of certain
plants and also contributes to the green house effect [3]. Even at very low concentration,
ozone is considered as hazardous air pollutant it is extremely harmful to the lungs, kidneys,
brain and eyes [2,3]. According to the recommendation, Mecklenburg County monitoring data
show a 2020 ozone compliance value of 67 ppb for each 8 hours [4]. Therefore, it is vital to
detect and monitor Oz concentration for the prevention of human health risks. Researchers
have tried to detect ozone gas in the air by several methods such as optical ultraviolet
absorption and electrochemical methods [5-7]. Metal oxide semiconductors (MOS) such as
C0304 [8], ZnO/SnO> [9], In.03 [10], WO3 [11] and CUuAIO2 [12] are the most investigated in
this field. Indeed, these semiconductors keep a head role because of their high sensitivity, low
cost and easy integration. Nevertheless, they continue to suffer from stability problem and
high operating temperature. Recently, metal sulfides such as InS3[13], MoS [14], CdS and
SnS, [15], have shown competitive sensing properties with respect to their oxides counterparts
for nitrogen dioxide (NO2) and volatile organic compounds (VOCs). They reveal an
upgrading towards selectivity, stability and the possibility to work at room temperature. They
are promising candidates to advance several gas detection applications due to the abundant

choice of materials [16]. However, few studies have been devoted to this novel gas sensing



class. In particular and to the best of our knowledge, there is no report on indium sulfide
characterization in ozone detection application. This is prompted us to investigate In.Ss
material within the frame work of this goal.

In2Ssz is a group H1-VI n-type semiconductor [17]. It is a crystalline compound which exists at
atmospheric pressure in three crystallographic forms: a-In2Ss (defect cubic structure), B-1n2Ss
(defect spinel structure obtained in either the expected cubic or tetragonal form), and y-In,Ss
(layered hexagonal structure); the B phase is the most stable at ambient temperature [18]. Its
transmittance is high (70-80%) in the visible and near infrared. Its gap is direct ranging from 2
to 3 eV and its resistivity is quite elevated varying from 10 to 10° Q.cm [19-21]. In,Ss is used
in several applications such as photodetection [22], photocatalysis [23]. It is also used as
contact layer for solar cells [24] and more recently as gas sensor [13]. In fact, we have
previously reported the effect of In.Ss film thickness on VOCs sensing characteristics and we
have found that the response was about 10 to 500 ppm ethanol or isopropanol at working
temperature of 350°C [25]. In another report, we have shown high sensitivity of In.S3 material
to nitrogen dioxide and with a response of 64 to 5 ppm NO: at optimal temperature of 200°C
[26]. In view of its interesting properties and its important applications, In2Ssfilms were
elaborated by several methods such as Spray Pyrolysis [27,28], Chemical Bath Deposition
(CBD) [29,30], Physical Vapor Deposition [31], Ultrasonic Dispersion [32], etc. In this work,
we have used Spray Pyrolysis method because it is simple, economical and does not require
vacuum. Physical and ozone sensing properties of the prepared films were investigated using
different techniques and DC electrical characterization, respectively.

2 Experimental procedures

2.1 In2S3 film fabrication

The Chemical Spray Pyrolysis (CSP) technique was used to grow indium sulfide (In2Ss) thin

films. InClz and SC(NH>). were used as precursors in aqueous solution. The concentration of



InClzand SC(NH.)2 precursors is 102 mol.Land the molar ratio S/In in solution was set at 2.
The solution and nitrogen carrier gas flow rates were fixed at 2 mL.min! and 6 L.min™?,
respectively. The mixture fluid was sprayed during 2 min on Si/SiO2 substrate heated at
350°C. Electrical contact was assured by interdigitated microelectrode array composed of
alternating a total of 30 platinum fingers deposited by sputtering on 4x4 mm? substrate
surface as shown in Fig. 1(a).

2.2 Characterization techniques

The crystalline structure of the obtained films was investigated by Grazing Incidence X-ray
Diffraction (GIXD),using a diffractometer with monochromatic Cu-Kou radiation (A = 1.5406
A).The film morphological characterizations were performed using an XE-100 atomic force
microscope (Park Systems Corporation) in non-contact mode (NC-AFM) and by a scanning
electron microscope (SEM) using a Zeiss FE-SEM ULTRA Plus microscope which is
endowed with an electron dispersive spectrometer (EDS) for chemical composition
determination. The surface contents were also analyzed by X-ray photoelectron spectroscopy
(XPS, ESCALAB 250Xi, Thermo Scientific, USA).Transmittance and reflectance of the
films have been investigated using a Shimadzu UV-3101 PC spectrophotometer with
wavelength range between 250 nm to 2400 nm. Photoluminescence (PL) measurements were
performed at room temperature using Perklia ElImer LS55 Fluorescence spectrometer with
laser excitation wavelength of 400 nm.

2.3 Experimental set-up for ozone detection

The ozone sensing properties of the In2Ss film were investigated using the experimental set-up
shown in Fig. 1(b). The sample was placed in the test chamber. After a 3 min exposure of
In2Ss film to ozone, pure air was conveyed directly to the test chamber and the flow rate was
maintained by a mass flow controller at 0.4 L.min™. The sample was polarized at 0.5 V and

exposed by an ozone calibration source at various concentrations. Current intensity through



the sample was measured using Keithley-2550 source/nano-ammeter, interfaced to a computer
for data acquisition. The operating temperature was varied in the range 100-300°C and
directed by an IPS-405 DC voltage source.

In order to evaluate the response of the In,Ss sensor, we have used formula (1) and (2) for
oxidant and reducing gases, respectively [33,34]:

Response = Ryqs/Rair Q)
Response = Rgir/Rgqs )
Where, Rair and Rgas are the sensor resistance value under dry air and target gas, respectively.
Likewise, sensitivity is defined by Eq. (3) [35]:

JdResponse)
S = ZEesponse) 3
T €)

Where, Cgas denotes the concentration of target gas. The slope of the fitting line between
sensing response and concentration represents the sensitivity (S) of the tested sensors.

3. Results and discussion

3.1 Characterization

3.1.1 Sample microstructure and morphology

In order to study In2Sz film microstructure, Grazing Incidence X-ray Diffraction was carried
out. Such technique allows the known of the in-depth distribution of different crystalline
phases composing the surface of a compound by griping quite weak X-ray incidence angle to
limit penetration depth. The X-ray diffraction patterns of the In;Sz film for three X-ray
incidence angles were shown in Fig. 2(a). It is clear that peaks intensities increase by rising
incidence angle from 0.1 degree to 0.3 degree. The obtained peaks confirm the arrangement of
In2Ss film under simple cubic structure with reticular planes (111), (220), (311), (400), (331),
(511), (440), (531) and (533) which correspond to the standard JCPDS data card n°32-0456.
The appearance of several diffraction peaks reveals that the material is polycrystalline. The

presence of bumps at low angles in the diffractograms can be credited to the amorphous SiO>
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layer on top of the Si substrate. Moreover, no diffraction peaks of any other secondary phase
could be spotted, which shows the purity of the specimen.

The average size D of the crystallites and the lattice micro-strain ¢ of the In,S3 particles were
evaluated using the Williamson-Hall (WH) method based on the equation (4) [36]:

BcosO = % + 4&sinf 4)
Where 6 is the Bragg angle in radians, g is the full-width at half maximum (FWHM), k is a
constant (equal to 0.9), ¢is the strain and A is the X-ray wavelength.

We used a Lorentzian fit, so the full width at half maximum is determined by:

B = Be—PBo ()
With S the experimental width and S is the instrumental width (8o = 1.5.10° rad).
Williamson-Hall plot matching the X-ray pattern obtained under 0.3 degree of In»Sz film is
shown in Fig. 2(b).The curve of fcosd along the y-axis versus 4siné along the x-axis gives the
strain through the slope of the graph and the displayed & value is 1.4 103, Such positive value
indicates the existence of a small micro-tensile in the crystalline network due to crystal
imperfection and distortion. The particles size can be estimated from the y-intercept and the
obtained D value is 39 nm.

The surface morphology was studied by NC-AFM technique. Fig. 3(a) and (b) show 2D and
3D topographic images (2x2um?) of In;Ss film. They reveal that the substrate surface is
entirely covered with grains of different sizes. As can be seen, In,Sz film has a prism-like
morphology, the 3-D image indicates a columnar structure owing to the low mobility of the
atoms deposited on the substrate. The layer is dense and have rough surface. The RMS
roughness (Rq) is estimated to be in the order of 10 nm.

SEM micrograph of the In2Sz thin film sprayed on glass substrates are shown in Fig. 3(c). It is
observed that the In,S3 film has granular surface morphology with individual grains and voids

between them. The granules have various scales. Fig. 3(d) shows the grain size distribution in
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the form of the histogram with random distribution for the In,Ss nanostructured thin film. The
mean grain size obtained from the histogram was just about 28 nm. Comparing with the grain
size determined by X-ray measurements using the Williamson-Hall method, it can be
concluded that each grain is made up of a mono crystallite.

3.1.2Chemical analysis

In order to determine the atomic concentration of constituent elements, quantitative analysis
of the InySs film deposited on glass substrate was performed using energy dispersive
spectroscopy (EDS). Fig. 4 shows EDS spectra registered for In2Sz film and glass substrate.
The EDS spectrum of In.S3 film corroborates the existence of In and S elements in the layer.
The atomic concentrations of constituent elements are given in Table 1. It can be noted that
the S/In molar ratio in the film is 1.7. The CI peak originates from the InCls precursor. We
also see the presence of a variety of elements such as Si, O, Na and Ca which are originated
from the glass substrate as shown in Fig. 4(b).

In the same way and in order to verify the surface chemical elemental composition of the
sample, X-ray photoelectron spectroscopy (XPS) analysis was performed and the
comprehensive information is illustrated in Fig. 5. All peaks are accurate and well defined.
The kinetic energy for In MNN is about 975 eV (Fig. 5(a)), which corresponds to that of
In2Ss. Fig. 5(a) also shows that XPS spectrum includes C 1s, S 2p, In 4d, and In 3d core
levels characteristic of carbon, sulphur and indium elements, respectively. The peak located at
about 285 eV is attributed to the C 1s of absorbed molecule CO; in the layer from air [22].
Moreover, The XPS analysis indicates that the film predominantly consists of sulphur and
indium atoms. Fig. 5(b) shows the S2p peaks. The binding energies 161.4 eV and 162.9 eV,
assigned respectively to S 2ps2 and S 2pi peaks, correspond to sulfurized phases. As
observed in Fig. 5(c), the In 3ds;> core shell with energy 444.9 eV and In 3dz. at 452.9 eV

correspond to the elements present in In2Ss compound [37,38]. We do not see any asymmetry



of In 3ds;2 and In 3d12 peaks. These values are in good agreement with the values reported in
the literature [38]. In addition, we see in Fig. 5(d) that the XPS spectrum contains O 1s core
levels which can be split into three peaks. The peak with the lowest bending energy, situated
in the energy range 529.8 eV-530.5 eV, is ascribed to lattice oxygen for indium oxides In203
[39]. The O 1s peak at about 531.8 eV is associated with oxygen vacancy and the last peak at
232.4 eV is assigned to adsorbed oxygen [39].

3.1.3 UV-visible and PL characterization

In order to investigate the In.Ss optical properties, transmittance (T) and reflectance (R)
spectra are recorded in the wavelength domain 300-2400 nm (inset of Fig. 6(a)). The
transmittance is more than 70% in the visible and near infrared region whereas reflectance is
about 20%. The evolution of the transmittance first derivative (dT/d1) versus wavelength (1)
is illustrated in Fig. 6(a). The derivative has its maximum value at a wavelength of 420 nm.
The band gap energy is initially deduced from the maximum of (dT/dA) and estimated to be
equal to 2.9 eV [40].

In order to precisely calculate the value of the optical band gap energy as well as the nature of
the transition occurring, we have tracked a method previously used by Bhattacharyya et al.
[41] and Barreau et al. [42]. The sample absorption coefficient (o) has been estimated using

the following formula [42]:

1 (1-R)?

a = -log(—>) (6)

Where t = 200 nm is the layer thickness while R and T are respectively the reflectance and the
transmittance.

The absorption coefficient a is related to incident photon energy (hv) in the mean absorption
edge by Tauc formula [43]:

a=AChv—Ey)"/hv @)

Where A and n are constants and Eg is the band gap energy.



The exponent n can take the value of 0.5, 2, 1.5 or 3 for allowed direct, allowed indirect,
forbidden direct or forbidden indirect transition, respectively. In order to determine the n
value, the following relation can be deduced from Eq. (7):

In(ahv) = In(4) + nin(hv— Eg) (8)
The plot of /n(ahv) versus In(hv-Eg), with Eg = 2.9eV, is shown in Fig. 6(b). The deduced
curve slope is about 0.5 which is assigned to n value. Therefore, the transition occurring has a
direct allowed nature. Relation (7) can consequently be rewritten as follow:

a = A (hv—Ey)Y?/h9)

The value of Eq (2.9 eV) estimated above is not sufficiently precise. A more accurate value
can be determined by extrapolating to 0 the linear region of the curve (ahv)? as a function of
photon energy (hv), depicted in Fig. 6(c). The obtained Eg value is 2.82 eV, this later is in
agreement with reported energy band gap in literature [44-46].

Likewise Fig. 6(d) exhibits photoluminescence (PL) spectrum of In2Sz thin film for 400 nm
excitation wavelength at room temperature. The results of the adjustment used to reveal the
different emissions are also demonstrated. Three peaks at 2.35 eV (527nm), 2.22 eV (558 nm)
and 1.83 eV (675 nm) are fitted using Gaussian functions. These peaks reveal the presence of
trap states associated with defects in the crystal structure. The green luminescence at 2.35 eV
(high intensity) can be attributed to the transition between the sulfur vacancy donor (Sv) level
(located 0.48eV below the conduction band) and the valence band [47]. The luminescence at
2.22 eV (medium intensity) and the red luminescence at 1.83 eV (low intensity) can be
attributed to transitions between donor and acceptor levels [48,49].

3.2 Ozone sensing

3.2.1. Ozone test and sensing mechanism

In order to test the sensitivity of In.Sz material to ozone, the sample was introduced into a test

chamber and exposed for 3 min to 400 ppb of ozone followed by an injection of dry air for



approximately 10 min. The working temperature was maintained at 200°C. Fig. 7(a) shows
the change in resistance of In,Ss layer versus time. We can note that the resistance increases
by ozone injection and decreases following its evacuation. This behavior is due to an
adsorption/desorption phenomenon of an oxidizing gas on the surface of an n-type
semiconductor and suggests the sensitivity of In.S; material to ozone gas.

Among the different adsorption mechanisms, Wolkenstein's adsorption model [50] seems the
most suitable for the case of semiconductor materials. Strong chemisorption occurs when an
electron of the conduction band is transferred from the semiconductor of the adsorbed species.
The binding energy of the adsorbate increases. This process involves the creation of a
negative surface charge and a surface potential barrier induced by chemisorption. This model
naturally introduces the reciprocal interactions between the adsorbent and the adsorbate. The
adsorption can be dissociative or non-dissociative. For triatomic gases such as ozone (O3),
only dissociative adsorption is considered at the working temperature [51,52]. In order to
understand the ozone detection mechanism of In.Ss layer, sample resistance measurements
were performed with 400 ppb ozone at working temperature in the range 125-300°C. Fig.7(b)
illustrates the dynamic recording of film resistance during pressure cycles performed at
different operating temperatures. It can be noted that the base line (resistance of the sensor in
dry air) diminishes from 3300 kQ to 14.2 kQ by rising temperature. Such evolution reflects
the semiconductor behavior of the material. Likewise, sensing response has been affected.
Fig.7(c) depicted the evolution of ozone response versus temperature. It can be seen that the
response increases up to 5 times at 160°C and then decreases. Such behavior could be
interpreted as a competition between adsorption and desorption rates as given by the Lenard-

Jones equation [52]:

de Ea _EatHcoem)

i = kadse_ﬁ — kgesOe kT

(10)
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Where 0 is the fraction of presented surface sites covered, kads and Kqes are respectively the rate
constants for adsorption and desorption reactions, Ea the activation energy of chemisorption,

and Hchem the heat of chemisorption.

The competition between adsorption and desorption rates leads to maximum response of the
sensor at 160°C. The curve slope inversion at this temperature implies a modification in
detection mechanism. As known, Oz molecules can only be adsorbed in centers free of oxygen
ions. In this regard, we have studied oxygen adsorption by In,Ss layer versus operating
temperature. A second In,Ss sample was exposed to dry air through 5 min altered by pure
nitrogen during 15 min. The working temperature was varied in the range 150-400°C. The
obtained results are illustrated by Fig. 7(d) [25]. We have defined the oxygen sensing
response as follow:

Response (03) = Rgir/Rnitrogen (11)
Where, Rair and Rnitrogen represent the sensor resistance value in air and in nitrogen
atmospheres, respectively.

The evolution of oxygen response versus operating temperature is reported in Fig. 7(c).We
can note that oxygen adsorption begins above 150°C, reaches saturation at 350°C and then
decreases by increasing temperature.

As consequence, we discern two areas:

» T < 160°C: in this domain, the temperature raise induces electrons transitions from donor
levels corresponding to sulfur vacancies and interstitial indium to conduction band [53]. This
leads to an increase in free electrons concentration and favorites the dissociative
chemisorption of ozone molecules as shown by Eq. (12) [54]:

O3 (aas) + €~ = 02 + Oqas) (12)
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« T > 160°C: here, ionization of oxygen coming from air into O,", O"and O ions is added to
ozone chimisorption as illustrated in Fig. 7(c) by the plots of Rozone/Rair and Rair/Rnitrogen VErsus

operating temperature. The corresponding chemical reactions are [26,54]:

02 (ads) te - Oz_(ads) (13)
02 (ads) +2e” -2 0(_ads) (14)
02 (ads) +4e” -2 O(Za_ds) (15)

These reactions do not have the same probability of existence but compete with ozone
reduction. Raising the temperature above 160°C facilitates the trap of free electrons by highly
electronegative oxygen molecules. As a result, the reduction of oxygen intensifies in favor of
that of ozone and the transfer of electrons from the In;Ss layer to Oz molecules becomes
difficult. Therefore, the response of ozone sensor decreases.

In the other side, when dry air is injected in the test chamber, ozone vapor desorbs from the
sensor surface as follow [54]:

02 (aas) + 07 = Oz(gesy + € (16)
As a result, the depletion layer is reduced, the liberated electrons return to the conduction
band, the concentration of majority carriers increases and the resistance of the material
decreases.

3.2.2 Ozone sensing properties

Fig. 8(a) shows the dynamic changes in resistance of In,Ss film when exposed to ozone as a
function of the concentration in the range 40-400 ppb at 160°C working temperature. It is
clear that the sensor is able to detect an ozone concentration of approximately 40 ppb. We can
note an improvement in the steady state as the gas concentration increases. Fig. 8(b) reveals
that response rises from 1.5 to 5 times by varying the ozone concentration from 40 ppb to 400

ppb. The film sensitivity, estimated from the slope of the linear adjustment of the response,
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attains a value of about 0.9 ppb™. Therefore, an In,Ss based sensor is favorable for practical
application.

Sensor rapidity can be defined in terms of response and recovery times (trep and Trec,
respectively). The response time is defined as the time necessary for the sensor to achieve
90% of the sensor response, and the recovery time as that required to attain 10% of the initial
resistance baseline after the target gas has been purged [55]. From Fig. 8(a), we can notice
that the duration of the return to the base line increases with the ozone concentration. Fig. 8(c)
illustrates the evolution of the response and recovery times versus ozone concentration at a
working temperature of 160°C. It can be seen that response time decreases from 2.45 min to
2.06 min and the recovery time increases from 6.90 min to 8.53 min by increasing ozone
concentration from 40 ppb to 400 ppb. In fact, this is related to the rates of chemical reactions
at the surface of the semiconductor. Increasing the adsorbate concentration accelerates the
adsorption kinetics while desorption becomes more and more difficult,

In the other side, Fig. 8(d) shows the changes in resistance of the In>Sz sensor during the
cyclic detection of 125 ppb of ozone at 160°C. The recorded signal shows good response
repeatability, reversibility and baseline stability.

In order to investigate the In.Ss sensor selectivity, the sample was tested to 0.25 ppm oxidant
gases and 500 ppm volatile organic compounds at two working temperature of 160°C and
350°C as shown in Fig. 9. This study reveals that the In,Ss sensor is highly sensitive to ozone
and nitrogen dioxide at 160°C while at 350°C this property is balanced in favor of volatile
organic compounds. Such evolution can be explained by the detection mechanism monitored
by air oxygen adsorption as explained in the previous paragraph. In fact, oxygen ionization
above 160°C inhibits Os and NO; adsorption but facilities VOCs oxidation by oxygen ions Oz
, Orand mainly O% [25]. It should be noted that the response to ozone and nitrogen dioxide is

in the same order. This generates the selectivity problem of oxidizing gases. However, it is
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possible to examine the dissimilar dynamic responses using a mathematical technique called
principal component analysis (PCA) [56]. This investigation is planned for a future work.

A comparison of the performance of In2Ss developed sensor with that of recently published
sensors is reported in Table 2. The results in the present work reveal that the detection of
ozone by In,Ss sensor is quite real. In addition, its manufacture by the simple and economic
spray pyrolysis method shows that it is competitive with other recently published sensor

results.

Conclusion

We have deposited In,S3 layers on SiO»/Si substrates with inter-digitized platinum electrodes
using spray pyrolysis technique. GIXD analysis shows the formation of polycrystalline cubic
B-In2S3 phase. The XPS measurements indicate that the material is pure. Optical investigation
reveals that the layer transmittance is in the range 70-80% in the visible and near infrared
region. The band gap is direct and its energy is estimated to 2.82 eV. Morphological study
demonstrates that the layer is well covered, dense and has rough surface. The average grain
size is found to be in order of 28 nm. Such results are related with the layer best sensing
properties. The O3z sensing response versus operating temperature is in concordance with
Lennard-Jones law and the optimal working temperature is around 160°C. The sensor shows
good reproducibility and it is able to detect an ozone concentration of 40 ppb by increasing
resistance 1.5 times. The selectivity study shows that the In,Ss sensor is highly sensitive to
ozone and nitrogen dioxide at 160°C while at 350°C this property is balanced in favor of
volatile organic compounds. This work reveals the sensing potential of In2Sz film deposited by
spray pyrolysis route for highly sensitive and ppb-level O3 detection.
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Figure and table captions

Fig. 1: (a) Shape of In»Sz film, (b) Ozone detection experimental set-up.

Fig. 2(a): GIXD pattern of In.Ss film for different X-ray incidence angles.

Fig. 2(b): Williamson-Hall plot for In.Ss film.

Fig. 3: (a) 2D AFM topographic image of In2Ss film, (b) 3D AFM topographic image, (c)
SEM topographic images and (d) grain size distribution.

Fig. 4: EDS spectra: (a) In2Ss film and (b) glass substrate.

Fig. 5: XPS spectra of In2Ss film: (a) survey spectrum, (b) S 2p, (c) In 3d and (d) O 1s.

Fig. 6: Optical properties of In,Ss film. (a) derivative of transmittance with respect to
wavelength, inset shows optical transmission and total reflection, (b) plot of In(ahv) vs. In(hv
- Eg), (c) variation of (chv)? vs. photon energy, and (d) PL spectrum for Aexc = 400 nm.

Fig. 7: (a) Resistance change of the In,Ss sensor exposed to 400 ppb of ozone at 200°C, (b)
dynamic change in the resistance of a thin film of In,Ss during interaction with 400 ppb of O3
at several working temperatures, (c) evolution of sensor response to 0zone (Rozone/Rair) and
(Rair/Rnitrogen) VS. Operating temperature, (d) Resistance change of In.S3 sensor exposed to air
and nitrogen at different operating temperature.

Fig. 8: Dynamic change in resistance and response of a thin film of In,Sz exposed to several
concentrations of Osat a working temperature of 160°C, (b) response vs. 0zone concentration,
(c) response and recovery times vs. ozone concentration (d) repeatability of the In,Sz sensor
exposed to 125 ppb of ozone at 160° C.

Fig. 9: Selectivity of In,Sz sensor at working temperatures of 160°C and 350°C.

Table 1: Atomic concentrations of constituent elements of In Sz film deposited on glass
substrate.

Table 2: Sensing performances of the developed In.Ss 0zone sensor compared with those

previously published.
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Highlights (for review)

Highlights

In2Ss films deposited by spray pyrolysis technique on SiO2/Si substrates show good
sensitivity towards ozone gas.

Sensing response versus working temperature reveals an optimal temperature of
160°C.

Response and recovery times for 40 ppb Os are 147 s and 414 s respectively at
optimum temperature.

The response of the In,Ss sensor increases from 1.5 to 5 by varying Oz concentration
from 40 ppb to 400 ppb at 160°C.

In2S3 sensor is highly sensitive to ozone and nitrogen dioxide at 160°C while at 350°C

this property is balanced in favor of volatile organic compounds.
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Table 1

Element C @) Na | Mg | Al Si S Cl K Ca | In

Weight% | 886 | 28.7 | 6.70 | 1.93| 06 3511 |341| 1 |045]| 6.1 | 7.13

Atomic% | 16.27 | 39.56 | 6.42 | 1.75 | 0.49 | 27.56 | 2.35 | 0.62 | 0.25 | 3.36 | 1.37
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Table 2
Material LOD T(°C) Response rep/ Trec Year Ref
(ppb) ()
B-1n2S3 40 160 158 147/414 2021 This work
Hierarchicalbranch-likeln203 200 70 52 -/- 2021 [54]
ZnCo0204 microspheres 80 200 0.23° 8/10 2018 [57]
Zn0.95C00.05 O 20 250 0.4 46/62 2019 [58]
Zn0.95C00.05 O 42 200 5P 40/360 2016 [59]
ZnO 60 250 38 9/300 2015 [60]
Zn0-Sn02 20 RT(UV) 8 -I- 2017 [61]
CuAlO2 200 200 1.98 29/45 2016 [62]
SrTio.ssFeo.1503 100 260 32 26/72 2015 [63]

2 :Response = Rgas/Rair

b :Response = (Rgas - Rair)/Rair
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