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Abstract 

   This work reports the thickness effect on the sensing performances of In2S3 material for 

some Volatile Organic Compounds (VOCs). In2S3 films were deposited on glass substrates by 

the spray pyrolysis technique. Different samples were prepared via changing spray time in the 

range of 10-90 min. The film thickness varies from 0.8 m to 6.1 m. The X-ray diffraction 

results demonstrate that the In2S3 films are polycrystalline in nature and exhibit a cubic 

structure. Additionally, Scanning Electron Microscopy (SEM) and 3D profilometry 

examinations show that the surface roughness increases with the rising spray time. On the 

other side, the oxygen adsorption versus a working temperature was investigated. Sensing 

measurements with ethanol, methanol and acetone gases were carried out by a dynamic 

control of the current passing through the sensitive layers. The best sensitivity was obtained 

for the film matching a 70- min deposit time. An understanding detection mechanism based 

on the oxidation reaction between reduced vapors and chemisorbed oxygen was confirmed. 

The selectivity of the sensor was analyzed for several volatile organic compounds (VOCs). 
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1. Introduction  

   Volatile organic compounds sensors are used in a wide range of applications such as in 

human breath analyzers [1], food and fruit ripening monitoring devices. Many studies have 

recently been devoted to the development of selective and organic vapor sensitive sensors. 

Among these sensors developed nowadays, we can cite metal oxides including single oxide or 

multi-oxide structures such as LaFeO3 [2], ZnCo2O4 [3], CuFe2O4/-Fe2O3 [4], ZnO [5-7], 

SnO2 decorated SiO2 [8]. The literature review for the latest achievements has shown some 

very promising results. Recently, metal sulfides have been studied as a new sensitive class for 

vapor detection. It has been shown that cadmium sulfide (CdS) films are more sensitive to 

Ethanol than Cadmium Oxide (CdO) [9]. Nevertheless, these materials are considered toxic. It 

is therefore important to develop non-toxic films such as Indium Sulfide In2S3. Various 

techniques such as Spray Pyrolysis [10,11], Hydrothermal [12], Ultrasonic Dispersion [13], 

Chemical Bath Deposition (CBD) [14], Physical Vapor Deposition [15], etc., have been used 

to prepare In2S3. The Spray Pyrolysis method has been chosen in this work. Indeed, this 

method, which is both simple and not expensive for the deposition of large area thin films, 

does not require high quality targets or vacuum and is a facile way to dope material by adding 

a doping element to the spray solution [16]. The physical properties of the obtained In2S3 

films depend on synthesis parameters such as deposit time, substrate temperature and spray 

solution flow rate [17,18]. 

     In2S3 is an n-type semiconductor of group III-VI with a wide energy band gap ranging 

from 2 to 3 eV [17-19]. It can exist in four allotropic crystal structures as a function of 

temperature and pressure [20]. At room temperature and atmospheric pressure, In2S3 has been 

found to crystallize into the defective spinel structure -In2S3 ,which is a stable phase and 

presents many Sulfur vacancies VS (donor), Indium vacancies VIn (acceptor), and Indium 

interstitials IIn (donor) in the unit cell [20]. 
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  This material shows interesting optoelectronic and semiconductor sensitization properties 

which allow it to be used as a buffer layer in solar cells [21,22], a heterojunction in 

photovoltaic electric generators [23-24], biological imaging sensors [25] and a photodetector 

[26-28]. More recently, Cai et al. [29] have demonstrated that In2S3 hierarchical microspheres 

are good candidates for fabricating practical cataluminescence Ammonium Sulfide sensor. In 

our earlier paper [30], we reported the use of -In2S3 thin films deposited by the Spray 

Pyrolysis technology as an Ethanol sensor. We showed that the In2S3 layers had a fairly good 

sensitivity to Ethanol. The optimal operating temperature was found to be 350°C, the best 

response to 500 ppm Ethanol concentration was 1.7 and the response/recovery times were 

about 150 s. These results are encouraging to deepen the study for enhancing sensing 

performances by acting on the synthesis parameters. 

    The aim of the present study is to investigate the influence of the thickness of sprayed In2S3 

films on the organic vapor-sensing properties. We discuss also in this paper how the oxygen 

adsorption/desorption phenomenon impacts the detection mechanism of the analyzed gas. The 

detection properties were generally deduced from DC measurements which provide 

information in the general sensor behavior. 

2. Experimental details 

2.1. Films preparation 

   In2S3 films were deposited by the Spray Pyrolysis technique. Glass substrates were cleaned 

in Ethanol and rinsed in deionised water. An aqueous solution was made by a mix of Indium 

Chloride (InCl3) and Thiourea (SC(NH2)2) with a ratio of S:In = 2. The solution was sprayed 

at a flow rate of 2 mL.min-1 onto 1 cm1 cm glass substrates at 340°C within an accuracy of ± 

5°C. Nitrogen was used as a carrier gas and the flow rate was kept constant at 6 L.min-1. The 

deposit time was varied in the range of 10-90 min. The In2S3 formation results from a global 

endothermic reaction governed by the following equation [14,18]:  
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2 InCl3+ 3 SC(NH2)2 + 6 H2O → In2S3 + 3 CO2 + 6 NH4Cl                                                    (1) 

    Finally, two rectangular Au electrodes of 5 mm long and 2 mm apart are deposited on the 

film surface using the Thermal Evaporation technique under high vacuum. 

2.2. Films characterization 

   X-ray diffraction (XRD) analyses of the films were performed using monochromatic CuK1 

radiation (1.54056 Å) (Bruker D8 Advance diffractometer). Topography images and surface 

roughness were obtained with a non-contact 3D optical profilometer (Sensofar S Neox) in a 

white-light vertical scanning interferometry (VSI) mode and using a CFI60-2 Nikon objective 

lens (10x EPI, numerical aperture 0.3 and working distance 17.5 mm). The surface 

morphology and the chemical analysis were studied by means of scanning electron 

microscopy (SEM) using a Zeiss Ultra PLUS microscope endowed with an electron 

dispersive spectrometer (EDS). 

2.3. Experimental set-up for VOC detection 

    To investigate gas sensing response, the In2S3 films were tested using the experimental set-

up shown in Fig. 1. 

 

Fig. 1: Experimental set-up for gas detection. 



 

5 
 

  The global gas circuit has two sub-circuits. The first is used to test the organic vapor 

generated using two mass- flow controllers D1 and D2 which are used to set the dry air flow 

rate and the organic vapor concentration. The dry air from flow controller D1 is charged with 

vapor through a dilution bath containing a pure organic solvent. This latter is maintained at a 

fixed temperature in order to adjust the saturation vapor partial pressure. This flow is mixed 

with the second flow of dry air coming from the second flow controller D2. By varying d1 and 

d2 (d1+d2 were kept constant at 1 L.min−1), diverse concentrations of organic vapor can be 

obtained and computed using the formula [30,31]: 

                                                                                          (2) 

where x is the molar fraction of the vapor in the bottomed flask at Tvap, given by: 

                                                                                                                                    (3) 

with Pvap the partial pressure of the vapor at a specified temperature Tvap, and Patm the 

atmospheric pressure. 

    The total flow charged with organic vapor has been blown on the sensor for 5 min. Then 

the test chamber has been purged with dry air for 15 min. 

     A second sub-circuit is used to check oxygen adsorption/desorption phenomenon. Since 

the test chamber is dynamic, the gases are controlled at 1 L.min-1 flow rate. Nitrogen (0% 

Oxygen atmosphere) is sent along the third arm D3. Firstly, the flow loaded with dry air (20% 

oxygen atmosphere) was sent along the second arm D2 and blown directly on the sensor for 5 

min. Then, it was removed from the test chamber by switching the gas flow to Nitrogen for 15 

min. 

   Samples were polarized at 0.5 V. The measurements of direct current intensity have been 

done in real time using a (HP 4140B) Source/Picoammeter. The electrical contact on the 
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sensor is ensured by gold tip tungsten electrodes. Measurements were done at different 

operating temperatures ranging from 150°C to 425°C. The sensor is heated by a halogen lamp 

which is powered by a stabilized generator and controlled by an (HP 34401A) Multimeter 

regulator that allows to set the temperature of the semiconductor by measuring the resistance 

across the RTD PT100 platinum probe that will be converted into a temperature value. 

   In order to compare the responses of In2S3 sensors we will use the following formula of 

sensing response [30,31]: 

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 = 𝑅𝑎/𝑅𝑔                                                                                                                 (4) 

where Ra and Rg represent respectively the sensor resistance value in air and in a sample gas. 

3. Results and discussion 

3.1. Characterization 

 3.1.1. Thickness and structure 

   The double weight method was used to measure In2S3 film thicknesses (d) for varying 

deposit time and calculated by using the relation: 

𝑑 =
𝑚

  𝑆
                                                                                                                                     (5) 

where m is the deposited film mass,  is the density of the material in the bulk form              

( = 4.613 g.cm-3 matching with the standard file of JCPDS 25-390) and S is the effective area 

on which the film was deposited.  

   The obtained values of thicknesses for all samples are illustrated in Table 1 and show that 

thickness increases from 0.8 m to 6.1 m by rising deposit time in the range 10-90 min. 

The X-ray diffraction patterns of the In2S3 layers obtained for different thicknesses are shown 

in Fig. 2. 
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Fig. 2: XRD patterns of sprayed In2S3 films. 

 

    These patterns indicate that all films were polycrystalline and can be closely indexed to 

pure -In2S3 phase with a simple cubic structure matching with the standard file of JCPDS 32-

0456. The preferred orientation observed in the pattern for all samples is (400). The intensity 

of the diffraction main peak becomes more intense with the increase of spray time.  Such 

behavior can be explained by the increase of film thickness and the increased ability of atoms 

to orient in proper equilibrium sites giving more preferentially oriented films.  

   The main peak was used to determine the crystallite size using Lorentzian fits and 

Scherrer’s formula [32]: 

𝐷 =
0.9 

  𝑐𝑜𝑠𝜃
                                                                                                                                 (6) 

where λ denotes the wavelength of X-ray, θ represents the Bragg angle and  the full width at 

half maximum (FWHM) in radians. 
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   Likewise, the imperfection in the films can be quantified by computing the dislocation 

density (δ) which is defined as the length of dislocation lines per unit volume of the crystal. 

For the (400) peak, it was calculated using the Williamson–Smallman relation [33]: 

𝛿 =
1

𝐷2
                                                                                                                                       (7) 

   The interplanar d-spacing (dhkl) for In2S3 nanoparticles was calculated using Bragg’s 

equation (8). The lattice parameter (a) associated with dhkl and Miller indices (h,k,l) are 

calculated via the theoretical equations (9) and (10) as well [32]: 

𝑑ℎ𝑘𝑙 =  


2 𝑠𝑖𝑛
                                                                                                                             (8) 

1

𝑑ℎ𝑘𝑙
2 =

ℎ2+𝑘2+𝑙2

𝑎2
                                                                                                                          (9) 

𝑎 = 4𝑑400                                                                                                                               (10) 

The calculated lattice parameter reveals a constant value a = 10.7 Å, while crystallite size and 

dislocation density of films are presented in Table 1. 

Spray time (min) 
Thickness 

(m)  
D (nm) δ (1010 lines.cm-2) Rq (nm) Rsk 

10 0.8 39.1 6.5 141 - 0.35 

30 2.3 43.1 5.2 207 - 0.27 

50 3.2 51.7 3.7 223 - 0.22 

70 4.8 52.1 3.7 501 0.93 

90 6.1 41.3 5.8 1150 0.43 

 

Table 1: Thickness, data evaluated from X-ray diffraction pattern and roughness profile parameters of In2S3 

films. 

 It can be seen that the change in thickness affects the density of native imperfections which 

modify the structural quality of the films. In fact, a maximum of the crystallite size (D = 52 

nm) and a minimum of the defect  ( = 3.7 1010 lines.cm-2) is located around a thickness of 

4.8 m reflecting the best crystallinity of the deposit in this condition. 
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3.1.2. Topography and morphology  

  Surface topography is an important surface property and it affects the performance of 

products at its application fields. Topography of prepared layers was performed by using 

optical profilometer. 

 

Fig. 3: Topography images of In2S3 films. 
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   Fig. 3 presents 2D surface measurement of In2S3 samples over a scanned area of 1 mm2. In 

this case we arbitrarily amplify the z axis and we also know the altitudes using a color palette 

that allows appreciating the local variations of the heights. Here the variations of the relief are 

also amplified and the represented surfaces would appear flat. The Surface roughness of films 

seems to change from one layer to another with a changing thickness. 

   The parameters (prefix) R calculated on the roughness profile are defined in a handful of 

international standards Geometric Product Specifications (GPS)-Surface Texture: Profile 

Method (ISO 4287:1997). Some parameters calculated on segments of the profile (the base 

lengths) and averaged over several segments are presented in Table 1. These results are 

evaluated from measurements in three different areas of each sample and from five profiles 

for each area. 

   Rq, root mean squared roughness, is the standard deviation of the height distribution over 

the evaluation length. We can note from Table 1 that Rq increases eventually with increasing 

thickness by rising spray time and shows high values for samples matching thicknesses of 4.8 

m and 6.1 m. 

   Rsk, asymmetry of the profile: asymmetry of the distribution of the heights, defined on the 

length of evaluation. This parameter is important because it gives information on the 

morphology of the surface state. A positive value of Rsk (thicknesses of 4.8 m and 6.1 m) 

corresponds to a surface having peaks and protuberances above the surface, and thus a 

distribution shifts towards the lowest points, while a negative value (thicknesses of 0.8 m, 

2.3 m and 3.2 m) corresponds to a plateau surface with scratches or deep pores, and a 

shifted distribution towards the highest points.  

   The morphological study by SEM shows in Fig. 4 the microscopic appearance of the 

surface layers for different thicknesses. 
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Fig. 4: SEM images of sprayed In2S3 films. 

   The films were well covered, homogeneous, dense and continuous. We can note that the 

thickness effect is reflected on the film surface morphologies. SEM images reveal a granular 

layer for the sample corresponding to the thickness of 4.8 m, whereas the layers are smooth 

for the others thicknesses. In addition to this, big granules/chunks are observed at the figure 

for 0.8 µm, 2.3 µm, and 4.8 µm thicknesses. Such observation may be a result of a small 
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deviation from the stoichiometric composition in starting a solution that yields a very strong 

influence on the microstructure and the surface morphology of the films. This behavior was 

the subject of previous reports on films such as In2S3 [34] and CuInS2 [35]. We can also note 

a rougher layer surface with cracks at the higher thickness of 6.1 m identifying a beginning 

of crystallinity degradation. 

3.1.3 Chemical analysis 

    The use of EDS made chemical elements´ identification possible in the obtained thin layers. 

We report in Table 2 the counting of the atomic percentage of the main elements in the films. 

Thickness (m) S (at.%) In (at.%) S/In 

0.8 31.60 23.68 1.33 

2.3 37.83 30.15 1.25 

3.2 37.98 29.90 1.27 

4.8 36.92 29.07 1.27 

6.1 35.74 28.92 1.24 

 

Table 2: EDS results of In2S3 thin films. 

    These results are evaluated from measurements in four different areas of each sample. The 

S/In molar ratio remains constant for all the samples with an average value of 1.27. This order 

of magnitude is less than the stoichiometric ratio (S/In = 1.5) of the In2S3 material. This 

indicates that the prepared In2S3 material contains defective sulfur positions. 

3.2 VOCs sensing properties 

3.2.1 Response 

     First, all the sensors elaborated with several thicknesses in the range 0.8-6.1 m were 

tested to 4000 ppm of Methanol, Ethanol and Acetone gas at an operating temperature of 

350°C. The choice of such temperature is based on our previous publication [30]. This is the 
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optimal temperature for an Ethanol detection by In2S3 films matching a thickness around 2 

m. As we will see in the following section, the optimal temperature can be shifted by the 

film thickness or the gas nature while remaining in the vicinity of 350°C. We think that this 

value allows a significant response comparison. Fig. 5 illustrates dynamic responses during 

the alternating exposure to target gas and dry air. For each sensor, three response and recovery 

curves are shown. 

 

Fig. 5: Dynamic response of In2S3 films to 4000 ppm of Methanol, Ethanol and Acetone at 350°C for thickness 

varying from 0.8 m to 6.1 m. 

   We note that for all the prepared sensors, during the exposure to target gas, the response 

increases quickly to an equilibrium value and then returns to the baseline when dry air is re-

injected in the test chamber. This behavior is consistent with the sensing mechanism of n-type 

semiconductors. It is also observed that the response plot obtained is affected by the change of 

thickness.  A possible explanation is that samples have different specific surface areas. In the 

case of smooth layers and low roughness (d = 0.8 m, d = 2.3 m, d = 3.2 m / Root mean 
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squared roughness of 141 nm, 207 nm and 223 nm, respectively) the gas interaction is only 

taking place at the geometric surface. In the case of granular layer and high roughness (d = 4.8 

m, Rq = 501 nm), the gas interaction can therefore take place at the surface of individual 

grains and at grain-grain boundaries [36]. So, such sensor presents a higher specific surface 

area involving abundant active adsorption sites which improve the gas response. This result 

confirms the proposal to improve the response by changing microstructure and morphology of 

sensors [37]. In the case of sample (d = 6.1 m, Rq = 1150 nm) cracks increase the electric 

potential barriers, reduce the current and diminish the sensing response. Indeed, the increase 

in resistance is related to the number of cracks in the semiconductor layer which depends on 

the applied deformation and the thickness of the film [38]. Despite the fact that the cracks can 

be the gas trapping path, it is also very possible that they cause an electrical rupture of these 

areas. We think that the active surface which describes the resistance decreases enormously 

with these cracks because they prevent the electrical contribution of a certain volume of 

material and therefore reduce the response of the sensor. 

3.2.2 Rapidity 

     In a second stage, we investigated the time deposition effect on the sensing rapidity of 

In2S3 thin films. The response time res is defined as the time required for the sensor to reach 

90% of the sensor response, and the recovery time rec as that needed to reach 10% of the 

initial resistance baseline after the analyst gas has been purged. Fig. 6 shows the comparison 

of samples with respect to their response time, tested by the vapors of Methanol, Ethanol and 

Acetone with 4000 ppm concentration and 350°C operating temperature. We note that the 

sensor prepared with thickness d = 4.8 m presents the faster response. Also, the shortest 

response time corresponds to Ethanol gas for all samples (e.g. res(ethanol) = 33 s). In addition 

to this, Fig. 6 illustrates the evaluation of recovery times which show a similar evolution- like 
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response time. We have checked that the sensor matching the thickness of 4.8 m has also the 

shortest recovery time (e.g. rec(ethanol) = 138 s). Therefore, the performance of In2S3 sensors 

evaluated by response and rapidity reveals that the sample matching the thickness of 4.8 m 

presents the best results. 

 

Fig. 6: Response and recovery times of In2S3 films to 4000 ppm of methanol, ethanol and acetone at 350°C. 

 

3.2.3 Reproducibility 

   Reproducibility was investigated by exposing In2S3 sensors with different thicknesses to a 

variety of VOCs.  Fig. 7 shows the dynamic response of sensors to various concentrations of 

Methanol, Ethanol and Acetone ranging from 2000 ppm to 10000 ppm, 1000 ppm to 5000 

ppm and 4000 ppm to 20000 ppm respectively at the operating temperature of 350°C. For 

each sensor, the sensor´s response has an obvious increasing relationship with VOCs 

concentration, demonstrating that the sensor can offer more surface active sites and adsorb 

more VOCs molecules. Moreover, the sensor’s response is affected by the layer’s thickness 
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and the best response was performed with the thickness matching 4.8m. This fact reflects the 

reproducibility of the results detailed previously. 

 

 

 

Fig. 7: Dynamic response of In2S3 sensors with different thicknesses to various concentrations of methanol, 

ethanol and acetone at the operating temperature of 350°C. 

 

 

3.2.4 Gas sensing mechanism 
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    In the following part, we propose to study the sensing mechanism and selectivity for some 

volatile organic compounds. We focused on the In2S3 sample corresponding to the 4.2 m 

thickness. 

3.2.4.1 Oxygen adsorption/desorption 

   Here, the adsorption and desorption of oxygen on a polycrystalline Indium Sulfide thin 

layers have been experimentally demonstrated by performing alternating exposure to Nitrogen 

and dry air at a working temperature ranging from 150°C to 400°C. Fig. 8(a) shows that 

resistance increases when dry air is introduced in the test chamber and decreases after its 

evacuation by Nitrogen for an operating temperature higher than 200°C. 
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Fig. 8: (a) Resistance change of In2S3 film with time upon altering exposure to dry air and Nitrogen at operating 

temperature ranging from 150°C to 400°C, (b) response of In2S3 film to oxygen as a function of operating 

temperature. 

 

     In fact, under dry air an adsorption phenomenon occurs. Ho et al. [39] reported that 

because of Sulfur vacancies and Indium interstitials defects, the -In2S3 crystal can form 

easily  surface oxidation states of -In2S3-3xO3x in ambient air (or O2) by chemical reaction of 

In–O. So, we think that the interaction of atmospheric oxygen with the surface of In2S3 forms 

a layer of charged oxygen species, which traps electrons from the bulk of the material. The 

electrons trapped for this process are removed from the conduction band and are confined on 

the surface [36]. Consequently, a space charge layer is formed. The presence of negative 

surface charges leads to a band bending defined by potential barrier eVs at the surface. This 

restricts the electron flow and decreases the conductivity. On the other hand, under Nitrogen, 

the resistance decreases reflecting the oxygen desorption phenomenon. 
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    In this context, the study of the oxygen sensing response versus the operating temperature 

was illustrated in Fig. 8(b). The response increases by increasing the working temperature up 

to 350°C and decreases above this temperature. This fact could be interpreted as a 

competition between the rates of oxygen adsorption and desorption, which is shown in the 

Lennard-Jones [40] equation:  

𝑑𝜃

𝑑𝑡
= 𝑘𝑎𝑑𝑠  𝑒−

𝛥𝐸𝐴
𝑘𝑇 − 𝑘𝑑𝑒𝑠 𝑒−

(𝛥𝐸𝐴+𝛥𝐻)

𝑘𝑇                                  (11) 

where kads and kdes are respectively the rate constants for adsorption and desorption reactions, 

EA the activate energy of chemisorption, H the heat of adsorption and θ is the fraction of 

available surface sites covered.  

3.2.4.2 Operating temperature effect 

     Fig. 9(a) demonstrates the resistance change during an alternating exposure to dry air and 

organic vapor (Methanol, Ethanol and Acetone) at 4000 ppm concentration. Measurements 

were made at different operating temperatures in the range of 250-425°C. The counting of 

these results is shown in Fig. 9(b). 
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Fig. 9: (a) Resistance evolution of In2S3 sensor upon exposure to 4000 ppm concentration of various organic 

vapors at operating temperatures in the range: 250°C-400°C, (b) sensing response of In2S3 sensor vs. working 

temperature towards various organic vapors. 

 

    The evolution of the response versus the working temperature follows also Lennard-Jones 

equation and shows an optimal temperature for each gas. It clearly shows a direct correlation 

between oxygen adsorption and reducing gas detection. Indeed, responses to oxygen and 

reducing gases present a similar evolution and a neighboring optimal temperature. 

  The increase in operating temperature before the optimum value improves the oxygen 

adsorption and hence the VOCs response. On the other hand, desorption of all oxygen ionic 

species previously adsorbed occurs at high temperatures, which explains the response 

decrease to reducing gases beyond the optimum value. 

   We note that optimal temperature for Ethanol and Acetone is 365°C, whereas it is shifted to 

385°C for Methanol gas. Similarly, such a trend has been studied by Bejaoui et al. [41]. They 
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proposed a model simulating the interaction between sensors and reducing gases. They 

showed that the increase of the activation energy following a change of gas causes a shift of 

the optimal temperature towards a higher value. We also remarked that Ethanol response 

(16.2) is higher than the acetone one (6.3) at the same optimal temperature. This could be 

explained by the Ethanol and the Acetone molecules’ size difference. Indeed, the surface 

cover rate is higher for the smaller molecules of Ethanol. 

3.2.4.3 Gas concentration effect 

   In order to identify ionosorbed oxygen species, measurements were conducted on the In2S3 

sensor at a working temperature of 350°C by varying the concentration of Methanol, Ethanol 

and Acetone. The transient current during cycles (air/reducing gas/air) is shown in Fig. 10(a). 

The fitting of the response versus gas concentration obtained in Fig. 10(b) shows a power 

law: 

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 = 𝐶𝑡𝑒 [𝐶𝑅𝑒𝑑𝑢𝑐𝑖𝑛𝑔 𝑔𝑎𝑠]                                                                                          (12) 

where   1/3 for the three analyzed gases. This typical value locates mainly O2- ionosorbed 

oxygen on the material surface according to the metal oxide gas detection model proposed by 

Barsan and Weimer [36]. 
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Fig. 10: (a) Dynamic response of In2S3 sensor to various organics vapors concentrations at 350°C, (b) 

experimental and power fit of sensing response of In2S3 sensor as a function of organic vapor concentration at 

350°C. 
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Thus, ionization equations of adsorbed oxygen can be written as follows: 

𝑂2(𝑔𝑎𝑠)  →  𝑂2(𝑎𝑑𝑠)                                                                                                                 (13)                                                                                                 

𝑂2(𝑎𝑑𝑠) + 4𝑒−  →   2𝑂(𝑎𝑑𝑠)
2−                                                                                                     (14) 

   In the same context, when the material is exposed to reducing gases, the organic molecules 

are oxidized by oxygen species O2- and simultaneously the electrons are fed back into sensing 

body, the potential barrier is reduced and the conductivity increases. This mechanism can be 

expressed as follows: 

For Methanol:     𝐶𝐻3𝑂𝐻(𝑎𝑑𝑠) + 𝑂(𝑎𝑑𝑠)
2− →  𝐻2𝐶𝑂(𝑔𝑎𝑠) + 𝐻2𝑂 + 2𝑒−                                  (15) 

For Ethanol:        𝐶2𝐻5𝑂𝐻(𝑎𝑑𝑠) + 𝑂(𝑎𝑑𝑠)
2− →  𝐶𝐻3𝐶𝐻𝑂(𝑔𝑎𝑠) + 𝐻2𝑂 + 2𝑒−                           (16) 

For Acetone:        𝐶𝐻3𝐶𝑂𝐶𝐻3(𝑎𝑑𝑠)
+ 8𝑂(𝑎𝑑𝑠)

2− →  3𝐶𝑂2(𝑔𝑎𝑠) + 3𝐻2𝑂(𝑔𝑎𝑠) + 16𝑒−             (17) 

So, oxygen plays the main element in reducing gas sensing response as detailed by the 

mechanism presented in Fig.11. 

 

 

 

Fig. 11: Detection mechanism of organic vapor by In2S3 sensor. 
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3.2.5 Selectivity 

   The efficiency of a sensor to respond to a certain gas in the presence of other gases is called 

selectivity. Fig. 12 shows the dynamic response of an In2S3 film (d = 4.8 m) to seven VOCs 

at a 500 ppm concentration and a working temperature of 350°C. This figure reveals that the 

relatively high responses are obtained with Isopropanol (10.5) and Ethanol (9.5). The middle 

response is observed with Butan-1-ol (5.8) and Toluene (4.5). Lastly, weak responses 

correspond to Methanol (2.9), Acetone (3.3) and Chlorobenzene (1.5) vapors. Therefore, we 

can’t expect for the time being that our sensor can be selective. However, it is possible to 

analyze the different responses through a mathematical technique known as principal 

component analysis (PCA) [42]. This latter is a method of graphical data analysis which 

consists in finding the directions of space which best represents the correlations between the 

chosen variables of the measure [43]. This study is being planned for a future publication. 

 

Fig. 12: Selectivity of In2S3 sensor (d = 4.8 m). 
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    A comparison of the developed sensor response to those of previously published Indium 

Oxide sensors is reported in Table 3. The results show that the Ethanol detection response of 

Indium sulfide In2S3-based sensor in the present work is not high but can be improved by 

enhancing gas adsorption or promoting specific chemical reactions via catalytic or electronic 

effects using bulk dopants and by the addition of metallic clusters or Oxide catalysts [44-46]. 

 

 

 

 

 

 

Material 

Ethanol 

concentration 

(ppm) 

 

Response 

 

rep/rec 

(s) 

 

Topt 

(°C) 

 

Reference 

In2S3 500 9.5 23/75 350 This work 

In2S3 500 1.7 150/155 350 [30] 

In2O3 50 5 40/38 300 [47] 

3% Ag-doped In2O3 50 30 32/140 300 [47] 

In2O3/Au NRs 500 320 -/- 400 [48] 

In2O3 Hierarchical 

architecture 

100 1.5 -/- 260 [49] 

In2O3 microcubes 500 55 -/- 210 [50] 

Ce-doped In2O3 100 27.8 -/- 240 [51] 

Pb-doped In2O3 100 32.5 2.2/0.7 250 [52] 

 

Table 3: Sensing response of the developed indium sulfide sensor compared with previously published indium 

oxide sensors. 

 

4. Conclusion 
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    In2S3 films were deposited on glass substrates by spray pyrolysis technique. Film thickness 

increases from 0.8 m to 6.1 m by increasing deposit time from 10 min to 90 min. XRD 

diffraction analysis reveals the formation of cubic -In2S3 pure phase with (400) preferred 

orientation. The crystallite size varies in the narrow 39-52 nm range. The EDS measurements 

indicate that the S/In molar ratio remains constant for all the samples with an average value of 

1.27. The morphological study by SEM shows that films were well covered, homogeneous 

and dense. The parameter Rq calculated from the roughness profile increases eventually with 

increasing thickness. Thus, the In2S3 sample matching the thickness of 4.8 m combine high 

roughness and best crystallinity. Such results were correlated with its best sensing properties. 

We have fairly improved the In2S3 sensor performances compared to that mentioned in the 

previous publication [30]. The response to 500 ppm Ethanol at 350°C is enhanced from 1.7 to 

9.5. The response time and recovery time are improved from 150 s/155 s to 23 s/75 s 

respectively. The optimal working temperature is found to be around 385°C for Methanol and 

365°C for both Ethanol and Acetone. Besides, oxygen adsorption versus working temperature 

were put forth and the sensing mechanism of the In2S3 semiconductor was explained on the 

bases of the reaction between the reducing vapors with the chemisorbed oxygen ions O2-. 

Nevertheless, these results revealing the potential of β-In2S3 in gas detection are encouraging 

for deepening the study in order to improve sensing properties and to test other gasses. 
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