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Abstract: SnO2 thin films were prepared by conventional and GLancing Angle Deposition reactive 16 

sputtering and their gas sensing properties were investigated. The porosity of the as-prepared films 17 

has been widely assessed using optical methods and sensing performances of these active layers 18 

were correlated with the evolution of surface and films’ porosity as a function of deposition condi- 19 

tions and annealing treatment. The sensor made of inclined columns grown at high sputtering pres- 20 

sure (6.10-3 mbar) and annealed at 500°C in air exhibited the best response to benzene with a limit 21 

of detection of 30 ppb. In addition, successful BTEX (i.e., benzene, toluene, ethylbenzene, and xy- 22 

lenes) discrimination was achieved by combining the sensing signals of 4 nanostructured tin oxide- 23 

based gas sensors. 24 

Keywords: GLAD; SnO2; nano-columns; BTEX gas sensor; porous architecture  25 

 26 

1. Introduction 27 

Metal oxide semiconductor (MOS) gas sensors are the dominant gas sensing devices 28 

for monitoring the presence of air pollutants [1,2]. Despite a poor selectivity, these chem- 29 

ical gas sensors show many advantages such as low cost, flexibility of production, reduced 30 

power consumption as well as high sensitivity and minimal performance drift over time 31 

in controlled atmosphere (laboratory conditions). The sensing performances of these  32 

metal oxide-based gas sensor are directly controlled by the grain size and the morphology 33 

of the sensing materials [3–8]. In order to improve MOS gas sensor performances, most 34 

studies have been focused on structuring of sensitive thin films. In particular, the nano- 35 

structuring of the sensitive material led to an improvement in detection performance, es- 36 

pecially to reach very low detection limits in the ppb level or lower. Several innovative 37 

fabrication methods have been developed to produce high sensitive chemical gas sensors 38 

with metal oxide nanostructures including bottom-up (chemical vapor deposition (CVD), 39 

sol-gel processes, thermal evaporation, hydrothermal route, reactive sputtering) and also 40 

top-down approaches (electron-beam lithography, reactive ion etching, field-ion beam 41 

technology) [9–14]. Recently, the GLancing Angle Deposition method (GLAD) has been 42 

applied in reactive sputtering for the growth of different nano-sized columnar films with 43 

controlled porosities and shapes [15–17]. Thin films with very original architectures such 44 
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as normal and inclined columns, zigzag or spiral structures can be achieved with this dep- 45 

osition method [18–20]. Although GLAD technique offers a fully three-dimensional con- 46 

trol of the films and almost no limitation on materials that can be fabricated, only a few 47 

studies address the use of GLAD deposition technique for the development of sensitive 48 

layers for chemical gas sensor applications. Nevertheless, we can cite works concerning 49 

the use of copper oxide films [21], ZnO nanospiral thin films [22], nanocolumnar SnO2 and 50 

NiO metal oxides [23] or more recently a sensor array composed of different nanocolum- 51 

nar structures made of metal oxides [24]. All these studies have shown that the interaction 52 

mechanisms between gas phase and metal oxide are fully dependent on the open porous 53 

microstructure associated with GLAD films. Thus, to fabricate efficient gas sensor, it is 54 

interesting to produce materials with a large surface in contact with the gas phase as target 55 

analytes can easily interact with the high surface area microstructure of thin films. 56 

 In this study, GLAD method has been used to produce tin oxide films exhibiting 57 

normal and inclined columns. The porosity of tin oxide thin films was controlled by 58 

changing both the deposition flux of particles onto substrates and the sputtering pressure. 59 

To evaluate the influence of the porosity on the detection performances of these sensitive 60 

layers, benzene was chosen as pollutant gas. Among the numerous Volatile Organic Com- 61 

pounds (VOCs) that can be found in the air, BTEX compounds (i.e., benzene, toluene, 62 

ethylbenzene, and xylenes) have long been known to severely threaten human health. Es- 63 

pecially, benzene is considered as one of the most toxic compounds due to its carcinogenic 64 

effects even at very low concentrations, near the ppb level [25]. 65 

 In this manuscript, SnO2 thin films were thoroughly characterized in order to obtain 66 

information about texture, morphology and chemical composition. We used optical ap- 67 

proaches to study the impact of deposition conditions on the films’ porosity, inside the 68 

film and on the surface. Eventually, detection performances of the SnO2-based gas sensors 69 

fabricated were evaluated in the presence of low concentrations of a representative aro- 70 

matic indoor air pollutant, i.e., benzene. In addition, we used Linear Discriminant Analy- 71 

sis (LDA) to evaluate the sensing performance of a system combining the responses of 4 72 

nanostructured thin films sensitive surfaces for the discrimination of BTEX. Here, we have 73 

demonstrated the interest of using GLAD deposition technique and the role of sputtering 74 

pressure to obtain very porous sensitive thin films. In particular, we have discussed rela- 75 

tionships between deposition parameters of tin oxide thin films and gas sensing perfor- 76 

mances.  77 

2. Materials and Methods 78 

2.1. Film growth 79 

DC magnetron sputtering was used to deposit SnO2 thin films in a 40 L homemade 80 

vacuum chamber at a base pressure below 10-8 mbar. Tin metallic target with a purity of 81 

99.9 % and a diameter of 51 mm, was used. The distance between target and substrate was 82 

65 mm and the current of the tin target (ISn) was fixed at 30 mA. During the magnetron 83 

sputtering deposition, oxygen to argon flow rate ratios were fixed at 0.6 and 0.8, leading 84 

to an argon sputtering pressures of 3.10-3 and 6.10-3 mbar, respectively. SnO2 thin films 85 

were deposited onto glass and (100) silicon substrates as well as alumina sensor platforms 86 

at two different angles (α = 0° and 80° for normal and oblique films, respectively) and at 87 

two different argon sputtering pressures (3.10-3 and 6.10-3 mbar). A tilting angle of α = 80° 88 

was chosen based on previous studies [20,26] considering that films deposited at tilting 89 

angle α > 70° offered higher porosities compared to conventional sputtering angle. The 90 

deposition time was adjusted to get a film thickness close to 250 nm. The experimental 91 

setup used to deposit SnO2 thin films can be found in previous works [26,27].  92 

In this study, we labelled the nanostructured thin films “C” for normal angle (α = 0°), 93 

while “I” was used for glancing angle films (α = 80°). Additionally, the labels “3” and “6” 94 

were used for sputtering pressures of 3.10-3 and 6.10-3 mbar, respectively. For example, 95 

“I6” stands for an inclined film (α = 80°) deposited at a sputtering pressure of 6.10-3 mbar. 96 
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2.2. Characterization 97 

The surface and cross-section views of SnO2 thin films were observed by scanning 98 

electron microscopy (SEM) in a Dual Beam SEM/FIB FEI Helios 600i microscope. Crystal 99 

structure of each film was characterized by X-ray diffraction (XRD) using a Bruker D8 100 

focus diffractometer with a Cobalt X-ray tube (Co λKα1 = 0.178897 nm) with a θ/2θ 101 

configuration. Scans were performed with a step of 0.02° per 0.2s and a 2θ angle ranging 102 

from 20 to 80°. X-ray photoelectron spectroscopy (XPS) data were obtained with a PHI 103 

VersaProbe I system using a non-monochromatized Al Kα X-ray source (hυ = 1486.7 eV, 104 

power of 50 W). Energy calibrations were done on adventitious carbon (CC/CH bonds) at 105 

248.8 eV. CasaXPS software was used for data treatment [28]. Optical transmission spectra 106 

of the thin film deposited on glass substrates were recorded with a Lambda 365 UV/Vis 107 

optical spectrometer. The reflectance and refractive index were determined using the 108 

Filmetrics F50 EXR reflectometer on the films deposited on (100) silicon substrates. 109 

2.3. Sensing tests 110 

 111 

For sensing tests, SnO2 thin films were deposited onto 0.5 cm² alumina platforms 112 

(Heraeus MSP 632) equipped with interdigitated electrodes and allowed both the heating 113 

control and conductance measurement of the sensitive material as a function of time. Be- 114 

fore exposure to pollutants, a conditioning sequence was applied to each sensor by aging 115 

the sensitive surface under a synthetic air flow (relative humidity (RH) 8% at 25°C, 100 116 

mL min 1) at 500°C for 48 hours to ensure material crystallization. Concentrations of pol- 117 

lutants (BTEX) were obtained by adjusting the ratio between pollutant vapors and air. The 118 

normalized response of each sensor S was defined as S = (G-G°)/G°, where G and G° are 119 

the conductance under synthetic air mixed with BTEX and under pure synthetic air, re- 120 

spectively. 121 

 122 

3. Results and Discussion 123 

3.1. Morphology, structure and composition of the films 124 

 125 

Figure 1 displays the different architectures obtained with the GLAD technique be- 126 

fore and after a thermal treatment at 500 °C for 48 hours in ambient air. SnO2 thin film 127 

deposited with a conventional incident angle (α = 0°) and under low argon sputtering 128 

pressure (3.10-3 mbar), i.e., C3 film, exhibits a dense surface and a poorly defined cross- 129 

section morphology. On the other hand, for oblique films (α = 80°), the shadowing effect 130 

occurring during the early island nucleation on the surface causes voids formation be- 131 

tween the small islands and subsequently creating columnar structures [29]. Films depos- 132 

ited at a higher pressure and / or with an angle of α = 80 ° exhibit an apparent more porous 133 

morphology. Basically, increasing the pressure in the deposition chamber induces multi- 134 

ple collisions in the gas phase, which makes it possible to cover areas which are not ini- 135 

tially in the incident path of the sputtered particle flux. Thus, the surface becomes rougher 136 

with higher porosity. Despite a thermal treatment at 500 °C for several hours, the orienta- 137 

tion of the nano-structured columns is preserved. In addition, it is worth noting that for 138 

I6 film, the columns tend to straighten out because of higher collisions due to higher pres- 139 

sure in the vacuum chamber and thus a less directional particle flux. The tilting angle of 140 

the columns for I3 and I6 films are 34° and 14°, respectively. 141 
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Figure 1. Top and cross-section views of SnO2 thin films sputter-deposited on silicon (a) before 142 

and (b) after an annealing treatment in air for 48 hours at 500 °C. Arrows indicate the incoming 143 

particle flux during the deposition. 144 

 145 

 XRD patterns of the nano-structured SnO2 thin films are shown in Figure 2 (a). As- 146 

deposited SnO2 thin films with a pressure of 6.10-3 mbar remain amorphous, whatever the 147 

incidence angle (C6 and I6 thin films). Very weak peaks appear after an annealing treat- 148 

ment of 350°C for 48 hours. In contrast, all films deposited with a lower pressure (3.10-3 149 

mbar, i.e., C3 and I3 thin films) exhibit diffracted signals prior to a post thermal treatment. 150 

After a thermal treatment of 500 °C for 48 hours, XRD peaks of all films become sharper 151 

and stronger, indicating a better crystallinity. XRD patterns exhibit peaks between 20 and 152 

70° corresponding to the (110), (101), (200), (211), and (220) reflections, which are assigned 153 

to the standard rutile-like crystalline structure of SnO2 (cassiterite, space group: P42/mnm, 154 

JCPDS file no. 41-1445). No peaks of impurities were observed meaning the high purity 155 

of the as-prepared SnO2 thin films. The corresponding tetragonal lattice constants are re- 156 

ported in Table 1.  157 

Figure 2. (a) XRD patterns of SnO2 thin films sputter-deposited on glass substrates before and after 158 

an annealing treatment in ambient air for 48 hours at 2 different temperatures (350 and 500 °C). (b) 159 

XPS O1s, Sn3d and C1s spectral windows of the I6 SnO2 thin film sputter-deposited on (100) Si 160 

substrate after an annealing treatment in ambient air at 500 °C for 48 hours. 161 
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Despite a slight evolution of the lattice constants with annealing temperature, these 162 

data agree with values already reported for SnO2 (a = b = 4.737 Å and c = 3.186 Å) [30]. 163 

In addition, the average crystallite size of SnO2 films was also calculated using the 164 

Scherrer’s formula and the Williamson-Hall method (see Table 1) [31]. For both methods, 165 

the results show that the crystallite size increases with the annealing temperature and 166 

films deposited with a pressure of 6.10-3 mbar exhibit the lower crystallite size after a ther- 167 

mal treatment at 500°C, i.e., 1.7 and 1.4 ± 0. 1 nm for C6 and I6 thin films, respectively. 168 

  169 

Table 1. Crystallographic properties, surface chemical composition and porosity data of SnO2 thin 170 

film.  171 

 172 

The surface chemistry of SnO2 thin films deposited on (100) Si substrates was also 173 

investigated by XPS after a thermal treatment at 500 °C for 48 hours in ambient air. All 174 

XPS spectra showed the presence of oxygen, tin and carbon. A similar surface chemistry 175 

was observed for all films (see Figure S1 (a) in the Supplementary Materials file). Figure 2 176 

(b) presents an example of the Sn3d, O1s and C1s core lines decomposition obtained from 177 

the I6 thin film sample. The evident contribution of the XPS C1s peak is attributed to the 178 

carbon contamination adsorbed on the surface of the films from the ambient air and dur- 179 

ing the annealing treatment. The decomposition of the O1s confirmed that it is built-up 180 

essentially as a mixture of three components. The main component at 530.81 eV is related 181 

to O-Sn2+ and O-Sn4+ bindings. Two additional components can be noticed at a binding 182 

energy of 533.22 and 532.09 eV corresponding to O=C and -O-H bindings, respectively. 183 

These species at the near-surface of SnO2 materials and after exposure to air come from 184 

partially ionized –OH groups originating from dissociated atmospheric water and ad- 185 

sorbed CO/CO2 from the ambient air [32]. The XPS Sn3d spectral line is narrow and sym- 186 

metrical. The difference between binding energy of 3d5/2 level for SnO and SnO2 is very 187 

low (486.6 and 486.9 eV, respectively) but, for all samples, the shape of the MNN Auger 188 

transition for Sn is close to that observed for SnO2 (see Figure S1 (b)) [33]. It is worth noting 189 

that there is no contribution of metallic Sn (Sn0) at the binding energy about 485 eV. This 190 

finding indicates that all films were completely oxidized after a thermal treatment at 500 191 

°C in ambient air for 48 hours.  192 

 The relative surface concentrations of Sn and O, expressed in at. %, agree with the 193 

formula of SnO2 composition (see Table 1). It is worth noting that the oxygen concentra- 194 

tion is probably slightly overestimated due to the presence of contaminants at the near 195 

surface of the films. 196 

 

Lattice parame-
ters ( 0.003 Å) 

Average crystallite size 
( 0. 1 nm) 

Surface concentra-
tion ( 0.5 at. %) 

Refractive index at 
470 nm ( 0.01) 

Packing den-
sity ( 2%) 

a = b c Scherrer 
Williamson-
Hall 

O Sn   

C3 

25 °C 4.783 3.217 3.0 2.8 - - 1.97 100 

350 °C 4.780 3.217 4.8 4.6 - - 1.91 97 

500 °C 4.761 3.186 6.9 6.7 71.1 28.9 1.81 93 

C6 

25 °C - - - - - - 1.91 - 

350 °C - - - - - - 1.93 - 

500 °C 4.782 3.189 1.7 1.3 67.6 32.4 1.85 92 

I3 

25 °C 4.774 3.203 4.6 5.1 - - 1.91 97 

350 °C 4.766 3.196 5.6 5.7 - - 1.89 95 

500 °C 4.756 3.191 5.4 5.1 67.3 32.7 1.83 91 

I6 

25 °C - - - - - - 1.80 - 

350 °C 4.766 3.190 - - - - 1.79 89 

500 °C 4.749 3.192 1.4 1.4 67.6 32.4 1.73 84 
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3.2. Film growth 197 

In this section, we present results concerning the influence of experimental deposi- 198 

tion conditions on the porosity of SnO2 thin films, through the films and on their surface. 199 

 200 

3.2.1. Through the films 201 

Figure 3 (a) shows the transmittance and reflectance spectra of films deposited on 202 

glass and (100) Si substrates, respectively, before and after an annealing treatment at 350 203 

and 500°C for 48 hours. All films show a sharp absorption around 300 nm and exhibit a 204 

high transmission in the visible and near infrared region. Films deposited at 3.10-3 mbar 205 

(C3 and I3) show distinct interference fringes patterns in the optical transmittance spectra 206 

indicating homogeneous growth. On the other hand, films deposited at 6.10-3 mbar (C6 207 

and I6) show minor interference fringes indicating inhomogeneity in the films. As men- 208 

tioned in work of Ohlídal et al. [34], this inhomogeneity is due to surficial and inner rough- 209 

ness of the films. From Figure 3 (a), it can be underlined that there is no absorption edge 210 

shift for the C3 film whatever the annealing temperature. This indicates that there is less 211 

defects in C3 thin film in comparison with other films. The absence of interference fringes 212 

makes the determination of refractive indices from methods based on the adjustment of 213 

envelopes impossible [35]. 214 

Figure 3. (a) Transmittance and reflectance spectra of SnO2 thin films sputter-deposited on glass and 215 

(100) Si substrates before and after an annealing treatment in air for 48 hours and at 2 different 216 

temperatures (350 and 500 °C). (b) Evolution of the calculated refractive index vs. wavelength for all 217 

films at various temperatures. 218 

 219 

Consequently, using the three phase Cauchy dispersion model (k = 0) showed in eq. 220 

1, refractive indices can be calculated from the measured reflectance spectra (see again 221 

Fig. 3 (a)) [36]. 222 

 223 

 𝑛(𝜆) = 𝐴 +
𝐵

𝜆2
+

𝐶

𝜆4
           (1) 224 

  225 

Fitting constants A, B and C were calculated from the transmittance spectrum of C3 226 

film and are estimated at 1.592, 7.44.104 nm² and - 4.558.109 nm4, respectively. These fitting 227 

constants were used for the determination of the refractive indices for all films. 228 

 Figure 3 (b) shows the evolution of the refractive indices as a function of the wave- 229 

length for each thin film, before and after the annealing treatment. The values of the re- 230 

fractive indices at 470 nm for all films annealed at every temperature are reported in Table 231 

1. It is worth noting that these values were found to be lower than the corresponding value 232 

for bulk tin oxide at λ = 470 nm (n = 2 for bulk SnO2 [37]). The refractive index was found 233 

to be lower for inclined columns (α = 80°) and for films deposited at high pressure (6.10-3 234 
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mbar), which indicates higher porosity present inside these films [38]. In addition, after a 235 

thermal treatment, the value of the refractive index decreases for all films, indicating that 236 

the porosity of the films evolves with the annealing temperature. From the determined 237 

refractive indices at 470 nm and lattice constants previously calculated from XRD results 238 

(see Table 1), the packing density p was evaluated for all SnO2 thin films using eq. 2 [39]. 239 

The calculated values are gathered in Table 1. 240 

 241 

nf =
(1−p)nv

2+(1+p)nv
4nb

2

(1+p)nv
2+(1−p)nb

2 +
5

2
(
nb
2−1

nbCb
) (Cb − Cf)      (2) 242 

 243 

nf is the film refractive index at 470 nm, nb the refractive index of bulk SnO2 (nb = 2), 244 

nv the refractive index of void (nv = 1), Cb the lattice parameter for bulk SnO2 (Cb = 3.186 245 

Å), Cf the lattice parameter for porous SnO2, and p the packing density of the film. 246 

 For all studied films, the packing density p decreases with the annealing temperature 247 

which indicates an increase of the porosity inside the films. The evolution of the packing 248 

density is in line with the tendencies observed for the refractive index, i.e., the inner po- 249 

rosity gradually rises between normal and inclined columns. The values of the inner po- 250 

rosities obtained in this work are in agreement with those found in the study of Bagga et 251 

al. [40], where the porosity of nanostructured SnO2 thin films varied from 23% to 9%. 252 

Moreover, the porosity is favored with a higher deposition pressure, whatever the films 253 

deposited (normal or inclined columns). For example, the packing index is estimated to 254 

be around 91% (i.e. 9% inner porosity) for the inclined columns deposited at 3.10-3 mbar 255 

compared to 84% (i.e. 16% inner porosity) for the same structure at 6.10-3 mbar. 256 

 257 

3.2.3. Surface porosity 258 

Gas sensing being surface state dependent, the surface porosity of each thin film was 259 

also investigated using SEM images. Pore characterization including surface porosity and 260 

pore size distribution of each film was evaluated after a post treatment of binary SEM 261 

images using both ImageJ and MATLAB software. Figure 4 depicts for each thin film, the 262 

surface porosity determined by ImageJ versus the annealing temperature. The inserts 263 

show examples of the binary images obtained after the post image treatment for the I6 264 

film, as-deposited and after two different annealing temperatures for 48 hours (350 and 265 

500°C).  266 

 267 
Figure 4. % of the total surface porosity vs. annealing temperature. The inserts show binary SEM 268 

images for I6 films (analyzed surface around 0.75 µm²). 269 

 270 

For all films, the analyzed surface was around 0.75 µm², which constitutes a good 271 

representation of the total surface. A comparison between all films as deposited and what- 272 

ever the annealing temperature, shows that by increasing the deposition pressure and tilt- 273 

ing the substrate holder, the surface porosity increases significantly. To summarize, the 274 
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surface porosity increases according to the series: C3 < I3 < C6 < I6. By annealing the films 275 

at 500°C, with an intermediate temperature at 350°C, the growth of crystallites causes ten- 276 

sile stress which creates a more porous surface. Moreover, many studies showed that the 277 

annealing procedure increases the length and width of already existing pores. They be- 278 

come interconnected and form bigger pores that affect the surface morphology massively 279 

[41,42]. In addition, the cooling phase occurring when the temperature drops from 500 to 280 

25°C in a short time (a few minutes), induces supplementary strain due to the mismatch 281 

of the expansion coefficients between the film and the substrate leading to the formation 282 

of additional cracks on the surface [43].  283 

 The pore size distribution (PSD) was also investigated using Otsu's method. This 284 

algorithm allows automatic multi-level thresholding of binarized SEM images. The pore 285 

segmentation was then obtained based on the lowest standard deviation of intensity in 286 

each segment. In addition, we used the MATLAB code developed by Rabbani et al. to 287 

determine the pore sizes [44]. This code was adapted to our analysis by adjusting the dif- 288 

ferent parameters used for the thresholding method. Figure 5 (a) displays an example of 289 

the PSD and the corresponding boxplot showing the interquartile range median, mini- 290 

mum and maximum for the I6 thin film annealed at 500°C for 48 hours in ambient air.  291 

 292 

 293 

Figure 5. (a) Pore size distribution and boxplot calculated for the I6 film annealed at 500°C. (b) Box- 294 

plots showing the evolution of the pore size for all SnO2 thin films sputter-deposited before and 295 

after an annealing treatment in air for 48 hours and at 2 different temperatures (350 and 500 °C). 296 

 297 

The pore size distribution of I6 exhibits a multimodal distribution extending from ca. 298 

1 to 20 nm, with the majority of the pores being in the mesopore range (i.e. width  2 nm). 299 

Fig. S2 demonstrates that the PSDs of all films are right-skewed, regardless of the deposi- 300 

tion conditions and the annealing temperature. After a thermal treatment at 500°C for 48 301 

hours, C6, I3 and I6 films exhibit multimodal distributions indicating wider pore for- 302 

mation in the mesopore range. On the contrary, irrespective of the annealing treatment, 303 

C3 film presents a narrow unimodal PSD with the larger pores being less than 7 nm. Fig- 304 

ure 5 (b) summarizes the corresponding boxplots calculated from the PSDs of all films. It 305 

was noticed that the pore size median increases continuously with the annealing temper- 306 

ature, especially for oblique films. This rise is noticeably higher for I6 film, with a pore 307 

size median going from 3.4 nm to 6.0 nm at 350°C and 500°C, respectively. 308 

 This porosity assessment shows that a simple study of the total surface porosity can 309 

be misleading as in some cases the porosity consists mostly of small and non-accessible 310 

pores. By combining the porosity results obtained from the inner and surface characteri- 311 

zation, we obtained a better understanding of the evolution of the morphology of each tin 312 

(a) (b)

Median = 6.0
Mean = 6.4
IQR = 4.8
Std = 1.2
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oxide thin film. Comparatively, I6 thin film annealed at 500°C offers the highest inner 313 

porosity (16%) and surface porosity (around 31%) and also a wide range of pore sizes [1- 314 

20 nm]. These textural properties prove to be of great interest for gas sensing applications 315 

since the diffusion of pollutants inside the material will be favored. It should be noted that 316 

the growth of the nano-structured columns, which is correlated to the porous structure of 317 

the films, is preserved regardless of the substrate used (Si, glass or alumina platforms). 318 

 After having evaluated the porous structure of the films, gas sensing performances 319 

were investigated.  320 

3.3. Sensing performances 321 

3.2.1. Benzene detection 322 

The gas sensing properties of metal oxide-based gas sensors are highly affected by 323 

the operating temperature which generally ranging from 300 to 500°C. Figure S3 repre- 324 

sents the typical electrical responses of the 4 sensors at various sensing temperatures and 325 

under 900 ppb of benzene for 2 min. Each benzene exposition was replicated 3 times. Fig- 326 

ure 6 (a) displays the evolution of the relative conductance versus the sensitive surface 327 

temperature for each gas sensor (under 900 ppb of benzene for 2 min).  328 

Figure 6. (a) Evolution of the normalized response as a function of the sensitive surface temperature 329 

for each gas sensor under 900 ppb of benzene. (b) Real-time response of each gas sensor for various 330 

benzene concentrations (sensing temperatures equal to 500, 300, 350 and 400 °C for C3, C6, I3 and 331 

I6 sensors, respectively). (c) Normalized response of the SnO2-based gas sensors as a function of the 332 

benzene concentration. For all tests, 2 min. exposition time, 15 min. recovery time and 100 mL min−1 333 

flow rate were applied. 334 

 335 

It is evident that I6-based gas sensor showed a substantial change in the response as 336 

a function of metal oxide temperature. The optimized temperatures, corresponding to the 337 

sensor’s temperature showing a maximal conductance under pollutant, were estimated at 338 

500, 300, 350 and 400 °C for C3, C6, I3 and I6 sensors, respectively.  339 

 The detection mechanism of benzene with SnO2-based gas sensors can be explained 340 

by considering that the chemisorbed oxygen species in the form O- and O2- are dominating 341 

for sensing layer’s temperature above 200°C [45]. Since SnO2 is an n-type semiconductor, 342 

and benzene a reducing compound, an oxidation mechanism of benzene molecules occurs 343 

at the sensor surface according to the successive reactions [46]: 344 

C6H6 (gas)  ↔  C6H6 (ads)           (3) 345 

C6H6 (ads) + 15 O-(ads)  → 6 CO2(gas) + 3 H2O(gas) + 15 e-c.b.      (4) 346 

C6H6 (ads) + 15 O2-(ads) → 6 CO2(gas) + 3 H2O(gas) + 30 e-c.b.      (5) 347 

 348 

c.b. is the conduction band of the material. 349 
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These reactions explain the increase of the conductance when SnO2 is in contact with 350 

benzene. Figure 6 (b) plots the impulse response/recovery curves of each sensor at their 351 

respective optimized temperature for various concentrations of benzene mixed in air. The 352 

insert shows a zoom of the impulse response/recovery curves for I6 sensor at very low 353 

benzene concentrations. The sensors were stabilized in nearly dry air (8% RH at 25 °C) for 354 

15 min. and then exposed to different benzene concentrations for 2 min. Each benzene 355 

concentration was chosen randomly and replicated twice in order to evaluate both the 356 

repeatability and the stability of each sensor. From Figure 6 (b), it can be easily found that 357 

there is a good correspondence between benzene concentrations and the dynamic re- 358 

sponse of each sensor. All sensors present an excellent repeatability and stability over time 359 

since the amplitude of the responses is in line with the benzene concentrations. The cor- 360 

responding responses calculated from the change of the conductance of each sensor as a 361 

function of the benzene concentration are plotted in Figure 6 (c). It can be noticed that the 362 

I6 sensor exhibits the highest response in comparison with the other ones. Even though 363 

the difference in the deposition conditions (incidence angle and argon sputtering pres- 364 

sure), C6 and I3 sensors show similar responses to benzene. 365 

 The limit of detection (LOD), was defined by the concentration at which the ampli- 366 

tude of the signal was three times higher than the signal/noise ratio (S = 0.002/N  3). For 367 

benzene, the LOD was estimated at 100 ppb for C3, 65 ppb for I3 and 50 ppb for C6 sensors 368 

while the LOD achieved for I6 sensor was around 30 ppb. From these results, it is inter- 369 

esting to note that not only the architecture of the film but also the deposition pressure are 370 

directly connected to the sensing performances. According to results obtained on the mor- 371 

phology and structure of the synthesized materials, the good sensing performances of I6 372 

coating is mainly due to the high inner and surface porosity, the wide range of pore sizes 373 

and also to the small crystallites size (1.4 nm). The sensitivity of MOS gas sensors increases 374 

when the crystallite size is less than the double of the thickness of the space-charge layer 375 

(L) produced around the surface of the crystallites due to the chemisorbed oxygens. For 376 

SnO2-based material, it is admitted that the space-charge layer L is equal to 3 nm [47]. In 377 

the present study, the average crystallite size obtained by XRD for all annealed thin films 378 

is lower than 2L and more particularly for the I6 sensitive surface the crystallite size is far 379 

lower. 380 

 381 

3.2.3. BTEX discrimination  382 

Since benzene is not the only air pollutant, we also studied the cross sensitivity of 383 

sensors for various VOCs (i.e., toluene, ethylbenzene, ortho and para-xylene). Figure 7 (a) 384 

depicts the normalized responses of each sensor to around 100 ppb of each compound 385 

diluted in air and analyzed separately (i.e., not in a mixture).  386 

 387 

Figure 7. (a) Sensors response to various BTEX at a concentration of 100 ppb. (b) Linear Discriminant 388 

Analysis (LDA) scores using responses of the 4 SnO2-based gas sensors. For all tests, 2 min. exposi- 389 

tion time, 15 min. recovery time and 100 mL min−1 flow rate were applied. 390 

(a) (b)
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For these experiments, sensing temperatures were maintained to 500, 300, 350 and 391 

400 °C for C3, C6, I3 and I6 sensors, respectively. As expected, manufactured sensors are 392 

sensitive to all VOCs as long as each compound can react with the sensitive surface ac- 393 

cording to the following redox reactions:  394 

 395 

CxHy (gas)  ↔  CxHy (ads)           (6) 396 

CxHy (ads) + (2𝑥 +
𝑦

2
)O-(ads)  → x CO2(gas) + 

𝑦

2
 H2O(gas) + (2𝑥 +

𝑦

2
) e-c.b.   (7) 397 

CxHy (ads) + (2𝑥 +
𝑦

2
) O2-(ads) → x CO2(gas) + 

𝑦

2
 H2O(gas) + (4𝑥 + 𝑦) e-c.b.   (8) 398 

 399 

In other words, this confirms that metal oxide-based gas sensors are not selective and 400 

it is not possible to identify one chemical compound in a mixture using a single gas sensor. 401 

 Nevertheless, classifying the species can be achieved by using a Linear Discriminant 402 

Analysis (LDA) that can map multi-dimensional data onto two- or three-dimensional axes 403 

[48]. This method uses linear combinations of sensors response to predict the class of a 404 

given observation (chemical nature of compound). In order to obtain greater precision on 405 

the discrimination of these VOCs compounds, we combined the normalized response and 406 

sensing kinetics (response and recovery times) of each sensor (i.e., C3, C6, I3, and I6) after 407 

exposition to VOCs (Figure S4). Figure 7 (b) represents the LDA scores using the experi- 408 

mental data measured using the responses of the 4 sensors manufactured in this study 409 

and under BTEX. Plots confirm the ability to cluster points according to the chemical na- 410 

ture of species. The within-class distance of each VOC compound class in LDA are well 411 

gathered. This indicates that combining sensing responses of 4 gas sensors improves the 412 

discrimination of BTEX with concentrations ranging from 50 to 900 ppb.  413 

 Table 2 reports some literature data on the gas sensing performances of various metal 414 

oxide-based gas sensor arrays towards BTEX detection in synthetic air. 415 

 416 

Table 2. A comparison of MOS based-gas sensor arrays for the detection of BTEX in air. 417 

 418 

 419 

 420 

 421 

 422 

 423 

 424 

 425 

 426 

 427 

 428 

 429 

 430 

 431 

 432 

 433 

 434 

 435 

It should be also kept in mind that all results were obtained by analyzing compounds 436 

separately and in nearly dry air. By combining the responses from the 4 sensors fabricated 437 

in the present work, we obtain better sensing performances compared to those reported 438 

in the literature. It is worth noting that all sensor arrays reported in Table 2 are composed 439 

of several sensitive layers made with different doped or undoped materials (SnO2, WO3 440 

…). The use of sensitive layers made of various materials makes it difficult to manufacture 441 

sensor arrays. Furthermore, the limit of detection of these arrays is around a few ppm 442 

which is much higher than the concentrations of BTEX found in air (a few ppb). In our 443 

Materials 

Number of 

sensors 

used 

BTEX concentrations 

tested 
Ref. 

SnO2 4 50 - 900 ppb (BTEX) This study 

NiO, WO3, SnO2 3 30-80 ppm (BTX) [49] 

SnO2 NPs/cobalt-porphyrin, SnO2 

NPs/zinc-porphyrin, SnO2 

NPs/nickel-porphyrin and ZnO 

NPs/cobalt-porphyrin 

4 1 – 9 ppm (BTEX) [50] 

SnO2 with several additives, includ-

ing Pt, Pd, CuO,LaO , ScO , TiO , 

WO or ZnO 

10 
benzene 50 ppm 

toluene 500 ppm 
[51] 
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study, we showed that by modifying only the deposition conditions of the films (sputter- 444 

ing pressure and deposition angle) it is possible to obtain an efficient sensor array made 445 

of the same sensitive material (undoped SnO2 here) for the discrimination of BTEX even 446 

at low concentrations (50 ppb). Consequently, this leads to an easier manufacturing pro- 447 

cedure. 448 

5. Conclusions 449 

In this study, we used conventional and GLancing Angle Deposition (GLAD) reac- 450 

tive sputtering method to prepare nano-structured tin oxide-based sensitive films for gas 451 

sensor applications. The effect of the deposition parameters of SnO2 films was studied in 452 

detail and it was found that the inter granular porosity can be tuned by adjusting the 453 

pressure and deposition angle. All sensors exhibited excellent stability and repeatability 454 

to benzene at a concentration of 900 ppb. The excellent sensing performances of the I6 455 

sensor (deposition angle of 80° with a sputtering pressure of 6.10-3 mbar) were mainly 456 

attributed to the high inner and surface porosity (16 and 31 %, respectively), a wide range 457 

of pore sizes [1-20 nm], as well as to the small crystallite size (1.4 nm). With this deposition 458 

conditions, it is possible to reach a limit of detection close to 30 ppb with an operating 459 

temperature of 400°C. Despite the lack of intrinsic selectivity of each gas sensor taken in- 460 

dividually, a chemical signature was obtained for the discrimination of a BTEX mixture 461 

by collectively considering the gas sensing responses from the 4 gas sensors developed in 462 

this study. We showed that it is possible to obtain a sensor array by using diverse undoped 463 

nano-structured SnO2 sensitive films. In summary, the GLAD method seems to be very 464 

promising for the development of gas sensor array and has a great potential for exploring 465 

high-performance gas sensors for VOC detection. 466 

Supplementary Materials: The following supporting information can be downloaded at: 467 

www.mdpi.com/xxx/s1, Figure S1: (a) XPS O1s, Sn3d and C1s spectral windows of the C3, C6 and 468 

I3 SnO2 thin films and (b) experimental Sn MNN Auger spectra for C3, C6, I3 and I6 SnO2 thin films 469 

SnO2 thin film. All films were sputter-deposited on (110) Si substrates and annealed in ambient air 470 

at 500 °C for 48 hours; Figure S2: Pore size distributions (PSDs) of all films sputter-deposited on 471 

(100) Si substrates, before and after annealing treatments at 350 and 500°C for 48 hours in ambient 472 

air. All PSDs were calculated using MATLAB software; Figure S3: Dynamic normalized response of 473 

the SnO2-based gas sensors (C3, C6, I3 and I6) as a function of the sensing temperature under 900 474 

ppb of benzene. For all tests, 2 min. exposition time, 15 min. recovery time and 100 mL min−1 flow 475 

rate were applied. Each benzene exposition was replicated 3 times; Figure S4: Dynamic normalized 476 

response of the SnO2-based gas sensors (C3, C6, I3 and I6) for different concentrations of (a) toluene 477 

(b) ethylbenzene (c) p-xylene and (d) o-xylene. For all tests, 2 min. exposition time, 15 min. recovery 478 

time and 100 mL min−1 flow rate were applied. 479 
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