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Abstract: Tungsten trioxide thin films were deposited on silicon substrates by non-reactive RF sput-
tering from a WO3 target at room temperature. The WO3 films were post-annealed at two different 
temperatures, 400 °C and 500 °C. The morphological and microstructural properties of these films 
were analyzed by using atomic force microscopy and X-ray diffraction. X-ray diffraction patterns 
only show WO3 oxide phases. The AFM images show different morphologies with smaller grains 
for the film annealed at 400 °C. WO3 sensing films and W heating elements were embedded in com-
mercial cases for the fabrication of cost-effective gas sensors. The sensitivity and dynamic response 
of the sensors were analyzed under various concentrations of H2S, from 20 to 100 ppm, at 
SIMTRONICS SAS (3M Company, Saint Paul, MN, USA). A good sensitivity G/G0 of about 6.6 under 
H2S 100 ppm was obtained with the best sensor. An interesting dynamic response was observed in 
particular with a short response time. Additionally, the evolution of the sensitivity was studied, and 
a conduction model was proposed for explaining the conduction mechanism under H2S exposition. 
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1. Introduction 
The detection of hazardous gases such as CO, H2S, and NO2 is commonly done by 

semiconductor gas sensors. Indeed, this sensor family is cost-effective, and their sensitiv-
ity can be very good [1,2]. This kind of gas sensor is composed of two elements: the sens-
ing layer and the heater. This heater, which can operate at high temperature, is used to 
heat the sensing layer for tuning the peak of sensitivity. The operating temperature of the 
heater can range from 200 to 500 °C. The performance of gas sensors is defined by three 
main characteristics: sensitivity, selectivity, and stability, which is usually called the 3-S 
rule. Sensitivity is defined by a change of the measured signal, which is function of the 
sensor resistance variation per analyte concentration unit. Selectivity defines if a sensor 
can respond selectively to a group of analytes or even specifically to a single analyte. Sta-
bility is the ability of a sensor to provide reproducible results in a considered period of 
time. That means that stability is defined by considering the global behavior, i.e., sensitiv-
ity, selectivity, response and recovery times, and cycling. Nevertheless, for applications 
in industry, the parameter of first importance is the sensor cost. It should be as low as 
possible, i.e., lower than 5 US dollars per unit. This point justifies the existence of semi-
conducting gas sensors, even if they are less sensible than optical sensors, even if their 
selectivity is not very good, and even if they need more electric power, in particular for 
the heater. Nevertheless, the electric consumption is expected to be lower than 100 mW. 

For semiconductor oxides, the gas detection is related to the resistance variation of 
the sensing layer. This variation results from reactions between the sensing layer and the 
ambient gas molecules [3,4]. In view to enhance the adsorption/desorption process of the 
gas molecules, here mainly located at the sensing film surface, the operating temperature 
of the sensor must be adjusted. Platinum is widely used for manufacturing the heating 
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element. Indeed, Pt displays interesting characteristics: good thermal properties, high re-
sistance to corrosion, and high operating temperature. However, its cost is particularly 
high, which became a limiting factor for applications. Nowadays, tungsten can be used 
for the fabrication of integrated heaters. In fact, tungsten heaters can operate in a more 
limited temperature range than Pt, below 500 °C [5]. Here, the heating element has been 
especially developed to be integrated to commercial housings. Our goal was to develop a 
cost-effective gas sensor that is only based on tungsten (metal and oxide). In solid-state 
gas sensors, the sensing layer is commonly made with transition metal oxides such as 
SnO2, ZnO, TiO2, and WO3 [1,2]. Tungsten trioxide is very promising because WO3 thin 
films have demonstrated their efficiency in the detection of various gases, such as H2S and 
NOx [6,7]. A sensor for the detection of hydrogen sulfide is of great interest because H2S, 
even in small concentrations, is highly poisonous to humans. In this way, our industrial 
partner has a particular interest in the H2S detection for the protection of workers on oil 
extraction sites. 

The microstructure, electrical properties, and stoichiometry of the WO3 active layer 
have a strong influence on the sensor characteristics and are driven by the deposition and 
the annealing conditions. Then, the WO3 resistivity is strongly influenced by its stoichio-
metric defects [8]. Several methods have been used for the elaboration and deposition of 
tungsten oxide films: thermal evaporation [9], sol–gel [10], pulsed electro-deposition [11], 
and radio-frequency sputtering [12,13], among others. RF sputtering is a widely used tech-
nique for the deposition of WO3 thin films. Reactive sputtering from a metallic target gives 
thin films with a good oxygen stoichiometry [12]. In opposition, the non-reactive sputter-
ing can give oxygen-deficient oxide films when they are deposited at low argon pressure 
from a metal–oxide target [14,15]. Very few data about WO3 thin films deposited by RF 
non-reactive sputtering from a tungsten oxide target and their utilization in gas-sensing 
applications can be found in the literature. 

Tungsten trioxide can present five distinct crystallographic phases between 0 and 
1200 K: monoclinic (ε-WO3), triclinic (δ-WO3), monoclinic (γ-WO3), orthorhombic (β-
WO3), and tetragonal (α-WO3) [16,17]. These five structures are close to each other and can 
all be described as a tridimensional network of WO6 octahedra. In this network, the phase 
transitions can be correlated to the tilting of the octahedral and/or the displacement of the 
tungsten atom inside each octahedron. These phase transitions are also strongly affected 
by impurities and non-stoichiometry. For thin oxide layers, the substrate material and 
deposition method will have an important effect as well. In most cases, WO3 thin films 
deposited by the sputtering technique and annealed at temperature higher than 400 °C 
present a γ-WO3 monoclinic crystalline structure [13–15,18]. 

In the present study, the microstructure, electrical properties, and exposure to H2S of 
WO3 thin films were investigated. RF non-reactive sputtering was used to deposit thin 
films on silicon substrates. Then, these films were annealed at two different temperatures, 
here 400 °C and 500 °C. WO3 sensing elements associated to a tungsten-based heater were 
embedded in commercial cases for the fabrication of gas sensors. The electrical response 
and sensitivity of the cost-effective gas sensors were measured at different operating tem-
peratures and under various concentrations of H2S at SIMTRONICS SAS (3M Company). 
Additionally, an original study is proposed. Indeed, the sensitivity evolution is explained 
by a model, and the experimental data are fitted by using equations related to this model. 
Therefore, an innovative and original study of WO3 cost-effective gas sensors is presented, 
where the sensitivity evolution of thin films exposed to hydrogen sulfide is explained. 

2. Materials and Methods 
2.1. Sensor Fabrication 
2.1.1. Heating Element 

An optical lithography technique was used for the elaboration of tungsten double-
spiral heaters. Tungsten films were deposited by DC sputtering onto SiO2 (1 µm)/Si (100) 
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N-type substrates. The purity of the tungsten target was 99.95%. The argon pressure was 
0.1 Pa. Details about the deposition of tungsten films have already been published [5]. The 
heater dimensions are 4 mm × 2 mm. The choice of a double-spiral pattern is due to the 
lower power consumption when compared to other studied structures [5]. In addition, the 
double spiral has given a better homogeneity of heating and a longer service life. 

Commercial PT 100 sensors, stuck on the back of the substrate, were used to measure 
the heater temperature as a function of the power supply. The electric power supplied to 
the heater was monitored to keep the sensor at the desired operating temperature. Then, 
the heater was stuck to the sensing element by using silver ink. The structure of the gas 
sensor is presented in Figure 1. All heater characteristics are summarized in Table 1. 

2.1.2. Sensing Element 
Non-reactive RF sputtering was used for the deposition of WO3 thin films. These 

films were deposited onto SiO2/Si commercial substrates. The purity of the commercial 
WO3 target (Neyco) was of 99.9%. Pure argon (99.99%) was used as the sputtering gas. 
The deposition parameters were as follows: a chamber pressure of 1 Pa, RF power of 100 
W, substrate not heated. All sputtered films were amorphous, so an annealing step was 
added after deposition for obtaining crystalline films. The annealing parameters were as 
follows: 6 h in air, at two different temperatures, 400 °C and 500 °C. To study the influence 
of the annealing temperature on the sensor response, we have defined 2 annealing tem-
peratures. For the electrical measurements, we have deposited top tungsten interdigitated 
electrodes by sputtering. An optical lithography technique was used to design these in-
terdigitated electrodes. DC magnetron sputtering was used for the electrode deposition. 
All characteristics of the sensor parts are presented in Table 1. The sensor made with the 
WO3 film annealed at 400 °C is noted as sensor-400. The sensor made with the WO3 film 
annealed at 500 °C is noted sensor-500. 

 
Figure 1. Gas sensor structure [19]. 

Table 1. Physical and electrical characteristics of the complete sensor: heater and sensing elements 
[19]. 

Element Value 
Substrate dimensions 
W film thickness of the heater 

8 mm × 4 mm 
565 nm ± 35 nm 

Heater electrical resistance at 20 °C 50 Ω ± 10 Ω 
W film thickness of the electrodes 
Thickness of WO3 films annealed at 400 and 500 °C 
Electrical resistance at room temperature of WO3 
films annealed at 400 and 500 °C 

300 nm ± 10 nm 
120 nm ± 10 nm 
5 MΩ ± 1 MΩ 
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2.2. Physical and Electrical Characterizations 
The thicknesses of the tungsten and tungsten trioxide films were determined by ob-

serving the cross-section of samples by FESEM (Field-Emission Scanning Electron Micro-
scope JEOL JSM-7100F). Atomic force microscopy was used to study the topography of 
the thin films, i.e., morphology, grain size, and roughness (Multimode AFM, ex-Veeco 
Instruments, became a part of Brüker Corp., Billerica, MA, USA). X-ray diffraction (XRD) 
using a Bruker D8 Advance diffractometer with a monochromatized Cu Kα1 wavelength 
(λ = 1.54056 Å) in θ-2θ Bragg-Brentano geometry was used to study the crystalline struc-
ture of the oxide thin films. Sensing films and heaters were embedded into commercial 
cases, as shown in Figure 2a. The DG-TT7 Solid-State Gas Detector, from Simtronics SAS, 
shown in Figure 2b, was used to connect the gas sensors. The DG-TT7 can communicate 
with a computer by infrared wireless. Configuration and measurements data are trans-
ferred and collected by software developed by Simtronics. All experimental measure-
ments were done under different conditions and gas concentrations. Then, all sensing pa-
rameters, i.e., sensitivity, response and recovery times, and sensor stability, were com-
puted from experimental data. 

 
Figure 2. Images of the manufactured sensor (a) and of the DG-TT7 detection system from Simtron-
ics SAS (b). 

3. Results and Discussion 
3.1. Crystallographic Structure of WO3 Films 

The crystalline structure of thin films was investigated by X-ray diffraction. Figure 3 
shows X-ray diffraction patterns of films annealed at 400 °C (pattern (a)) and 500 °C (pat-
tern (b)) for 6 h. The 2θ analysis was initially done from 20° to 75° with a resolution of 
0.008° and a step time of 4 s. Both films show two main peaks around 23° and 24°. Some 
other peaks with an insignificant intensity are located around 29°, 34°, and 42°. So, we 
have focused on angles ranging from 23° to 32° in Figure 3. The main peaks could corre-
spond to either the triclinic (δ-WO3), monoclinic (γ-WO3), or orthorhombic (β-WO3) struc-
ture (JCPDS files: 20-1323, 43-1035, 01-071-0131). No other phase of the W-O system can 
be associated to these diffraction peaks. It is quite impossible to distinguish which of these 
WO3 polymorphs is effectively present because these crystalline structures are very close 
to each other. 
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Figure 3. XRD spectra of WO3 films annealed at 400 °C (a) and 500 °C (b) for 6 h in air. Peak index-
ations are related to either triclinic (δ-WO3), monoclinic (γ-WO3), or orthorhombic (β-WO3) struc-
tures. 

The interplanar distances (d) were calculated using Bragg’s law. The crystallite size 
(Lhkl) normal to the film surface (normal coherence length) was calculated with Scherrer’s 
formula from the FWHM of each peak. All values are given in Table 2. Taking into account 
the error margin of the diffractometer, the positions of the diffraction peaks and the re-
lated calculated interplanar distances are quite the same for both films. As can be seen in 
Table 2, the main difference between the crystallite size of the two films is related to the 
(200) plane. 

Table 2. Diffraction angle (2θ), interplanar spacing (d), and crystallite size (Lhkl) values of WO3 films 
annealed at 400 °C and 500 °C. 

Annealing Tem-
perature 

(°C) 
2θ (°) d (Å) Lhkl (nm) (hkl) Plane 

400 
23.26 ± 0.02 3.82 ± 0.01 63 ± 2 (002) 
24.12 ± 0.02 3.68 ± 0.01 64 ± 2 (200) 

500 23.27 ± 0.02 3.82 ± 0.01 61 ± 2 (002) 
24.14 ± 0.02 3.68 ± 0.01 77 ± 2 (200) 

3.2. Surface Morphology of WO3 Films 
The surface of WO3 films annealed at 400 °C and 500 °C was observed by AFM to 

understand how the annealing temperature affects the morphology of the films. Figure 
4a,b show the surface microstructure over a 2 µm × 2 µm area. As shown in Figure 4a and 
its inset, the sample annealed at 400 °C presents a granular surface composed of very small 
grains, from 14 to 28 nm, and some bigger ones, from 42 to 70 nm. Figure 4b and its inset 
show the surface of the film annealed at 500 °C. Here, the amount of very small grains has 
decreased due to the higher annealing temperature. The bigger grains range from 48 to 98 
nm. The size of the biggest grains is well correlated to the crystallite sizes given in Table 
2 for the two films. The r.m.s. roughness is quite similar for both films, 1.40 nm for the 
sample annealed at 400 °C and 1.33 nm for the other one. These values of roughness indi-
cate that both films are very smooth. That also suggests the grain growth is very limited 
in the c-axis when the annealing temperature increases. In fact, the bigger grains have 
grown in directions parallel to the substrate. So, this particular growth did not signifi-
cantly affect the roughness of films. To have additional information about the film micro-
structure, we have applied a numerical treatment to the original AFM images. The treated 
images are presented in Figure 5. The film annealed at 400 °C is effectively composed of 
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very tiny grains. However, the most important difference can be seen in Figure 5b, where 
the film annealed at 500 °C reveals bigger grains with well-marked grain boundaries. For 
both films, the thickness is about 120 nm. The FESEM images used for this measurement 
by observation of the cross-section are not presented here. 

 
Figure 4. AFM images (2 µm × 2 µm) of WO3 films annealed at 400 °C (a) and 500 °C (b) for 6 h. 
Insets: zoomed AFM images (500 nm × 500 nm). 

 
Figure 5. AFM images (2 µm × 2 µm) of WO3 films annealed at 400 °C (a) and 500 °C (b) for 6 h, with 
a numerical treatment. 

3.3. Electrical Properties 
The electrical conductance of the sensors was measured as a function of the operating 

temperature, here ranging from 25 to 400 °C. The conductance has shown a quite similar 
behavior for both sensors. So, Figure 6 only presents the conductance evolution of sensor-
400 as a function of reciprocal temperature. From room temperature to 250 °C, the electri-
cal conductance G increases when the operating temperature increases. At 250 °C, the 
conductance value abruptly decreases, and its behavior stays quite unstable until 330 °C. 
Then, from 330 to 400 °C, the sensor re-finds a classical n-type semiconductor behavior 
with an increase in its conductance. By cooling the sensor from 400 °C to room tempera-
ture, the conductance presents a quite linear evolution. However, the abrupt variation 
around 250 °C is no longer observed. It is worthy to add that this sensor behavior was 
reproducible. In fact, additional heating–cooling cycles were operated, and no change in 
behavior and conductance value was observed. 



Chemosensors 2021, 9, 295 7 of 13 
 

 

 
Figure 6. Evolution of the conductance of the sensor-400 in air versus reciprocal temperature. 

The observed behavior of the electrical conductance of the sensors could be attributed 
to the presence of an orthorhombic phase in the WO3 films. Indeed, the orthorhombic 
phase appears around 320 °C in bulk WO3 [16,20,21]. So, we can suppose that the mono-
clinic to orthorhombic phase transition occurs from 250 to 330 °C in these WO3 thin films. 
Above 330 °C, the phase transition ends, and the sensors present a stable behavior without 
any hectic variation of the conductance. So, the temperature range from 250 to 330 °C has 
been avoided for gas measurements in this study, because it is therefore impossible to 
accurately calculate the sensitivity when the sensor shows such abrupt variation of its 
conductance. In addition, a good repeatability of the conductance measurements cannot 
be obtained in such conditions. 

3.4. Measurements under H2S 
The sensitivity of semiconductor gas sensors is highly dependent on the operating 

temperature. In order to determine the optimum operating temperature for the detection 
of H2S, the sensors were exposed to 100 ppm of H2S at various temperatures. The sensor 
responses were monitored by using the SIMTRONICS’s measurement system and soft-
ware. The electrical resistance values of the sensors were extracted from the collected data. 
An operating temperature ranging from 330 to 450 °C has been chosen for several reasons: 
(i) in previous tests, our sensors exposed to 100 ppm of H2S have given no significant 
response at temperatures below 250 °C; (ii) as seen in Section 3.3, the WO3 films present a 
huge variation of the conductance from 250 to 330 °C; (iii) the maximum operating tem-
perature of our tungsten heater is 500 °C [5]. 

It is well known that tungsten oxide is an n-type semiconductor, so the sensor con-
ductance increases in the presence of reducing gas such as H2S. Therefore, the sensitivity 
defined by the ratio G/G0, where G0 and G represent the sensor conductance in air and 
under gas, respectively, must be higher or equal to unity. Figure 7 shows the sensitivity 
evolution of sensor-400 (plot (a)) and sensor-500 (plot (b)) to 100 ppm of H2S at various 
temperatures. The maximum sensitivity is at 350 °C for sensor-400 and 400 °C for sensor-
500. Sensor-400 shows a higher sensitivity to H2S than sensor-500. The maximum sensitiv-
ity value of sensor-400 is 6.6, whereas it is only 2.4 for sensor-500. This sensitivity of 6.6 is 
a high value. It means that high-sensitive gas sensors can be manufactured with WO3 thin 
films annealed at 400 °C. The higher sensitivity value of sensor-400 may be explained by 
the presence of a lot of very small grains at the surface of the film, as observed in the AFM 
image from Figure 4. Indeed, many studies have demonstrated that the presence of small 
grains improves the sensitivity of the film [22,23]. 
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Figure 7. Sensitivity of sensor-400 (a) and sensor-500 (b) under 100 ppm of H2S in air as a function 
of temperature [19]. 

4. Modeling of the Sensitivity Evolution as a Function of the H2S Concentration 
Various theories were developed to explain the change in conductance due to the 

sorption of gas molecules on semiconductor gas sensors. Semiconductor oxides are com-
posed of grains and grain boundaries. The difference of energy levels in this kind of struc-
ture implies that the most applied model is based on the Schottky barrier relation [4]. So, 
considering the Schottky barrier model, the conductance G can be written as follows: 

𝐺𝐺 =  
𝐴𝐴𝐴𝐴𝐴𝐴
𝑘𝑘𝐵𝐵

𝑒𝑒𝑒𝑒𝑒𝑒 �
−𝐴𝐴∆𝜙𝜙𝑠𝑠
𝑘𝑘𝐵𝐵𝐴𝐴

� (1) 

where A and kB are the Richardson and Boltzmann constants, q is the electron charge, T is 
the temperature, and Δϕs is the barrier height. Equation (1) shows that the variation of the 
conductance depends on the barrier height and temperature. It has been reported [24,25] 
that the change in barrier height Δϕs can be expressed as a function of the degree of the 
surface coverage θ: 

∆𝜙𝜙𝑠𝑠 =  
𝑒𝑒𝑁𝑁𝑠𝑠2𝜃𝜃2

2𝜀𝜀𝜀𝜀0𝑁𝑁𝐷𝐷
 (2) 

where NS is the number of surface charges per unit area, ND is the number of ionized donor 
states per unit volume, ε is the permittivity of the semiconductor, and ε0 is the vacuum 
permittivity. Combining Equations (1) and (2), the following relation between the con-
ductance G and the degree of the surface coverage θ was obtained: 

𝐺𝐺 =  
𝐴𝐴𝐴𝐴𝐴𝐴
𝑘𝑘𝐵𝐵

𝑒𝑒𝑒𝑒𝑒𝑒 �
𝑒𝑒2𝑁𝑁𝑠𝑠2𝜃𝜃2

2𝜀𝜀𝜀𝜀0𝑘𝑘𝐵𝐵𝐴𝐴𝑁𝑁𝐷𝐷
� (3) 

Several adsorption isotherms have proved to be useful for the understanding of the 
adsorption process. The most frequently used adsorption isotherms are Langmuir, BET 
(Brunauer, Emmett, and Teller), and Freundlich isotherms [26,27]. The BET isotherm is 
valid for multilayer adsorption, so it is not suitable for thin film adsorption. In this work, 
the Langmuir–Freundlich isotherm with a parameter of heterogeneity is employed to in-
troduce the influence of adsorbents on the gas adsorption. 

𝜃𝜃 =  �
𝑘𝑘𝑒𝑒

1 + 𝑘𝑘𝑒𝑒�
𝜈𝜈

 (4) 
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where k is the adsorption constant, p is the partial pressure of the gas, and ν is the hetero-
geneity parameter of the adsorbent with a value ranging between 0 and 1. 

Here, kp << 1 due to the used gas pressure, so the expression can be reduced to: 

𝜃𝜃 =  (𝑘𝑘𝑒𝑒)𝜈𝜈 (5) 

Considering the law of perfect gases given in the Equation (6), the relation (7) be-
tween the degree of the surface coverage θ and the gas concentration C is obtained. 

p = K’C  (6) 

where C is the gas concentration and K’ is a constant. 

𝜃𝜃 =  𝐾𝐾(𝐶𝐶)𝜈𝜈 (7) 

with K = (kK′)ν. 
Using Expression (7) in Equation (3), the conductance G can be related to the gas 

concentration C: 

𝐺𝐺 =  
𝐴𝐴𝐴𝐴𝐴𝐴
𝑘𝑘𝐵𝐵

exp [𝐵𝐵𝐶𝐶𝑎𝑎] (8) 

where 𝐵𝐵 =  𝑒𝑒2𝑁𝑁𝑆𝑆
2𝐾𝐾2

2𝜀𝜀𝜀𝜀0𝑘𝑘𝐵𝐵𝑇𝑇𝑁𝑁𝐷𝐷
 and 𝑎𝑎 = 2𝜈𝜈. 

So, the sensitivity G/G0, with G0 representing the conductance of the sensor in air i.e., 
when C = 0, can be expressed as follows: 

𝐺𝐺/𝐺𝐺0 = exp [𝐵𝐵𝐶𝐶𝑎𝑎] (9) 

The Neperian logarithm of Equation (9) is used to determine the constants B and a: 

𝐿𝐿𝐿𝐿 �
𝐺𝐺
𝐺𝐺0
� = 𝐵𝐵𝐶𝐶𝑎𝑎 (10) 

Finally, the decimal logarithm of Equation (10) can be used to fit the sensitivity evo-
lution: 

𝐿𝐿𝐿𝐿𝐿𝐿 �𝐿𝐿𝐿𝐿 �
𝐺𝐺
𝐺𝐺0
�� =  𝐿𝐿𝐿𝐿𝐿𝐿𝐵𝐵 + 𝑎𝑎𝐿𝐿𝐿𝐿𝐿𝐿𝐶𝐶 (11) 

Equation (11) represents the equation of a straight line with the slope (a) and the in-
tercept (LogB). Equation (11) was used to fit the evolution of experimental data. The results 
are given in Figure 8. The good accordance between the theoretical model and experi-
mental data proves the validity of the Schottky barrier model associated to the Langmuir–
Freundlich isotherm for explaining the behavior of the sensitivity. For sensor-400, the 
value of parameter a is 0.4, and it is 0.9 for sensor-500. As given previously in the text, a = 
2ν. Parameter ν is related to the surface coverage θ. For sensor-400, ν = a/2 = 0.2. For sen-
sor-500, ν = a/2 = 0.45. These values of ν, here lower than 1, indicate that the Langmuir–
Freundlich isotherm is well adapted to define the adsorption mechanism of the WO3 thin 
films. 
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Figure 8. Sensitivity of sensor-400 (a) and sensor-500 (b) versus the H2S concentration at 350 °C. The 
dots are experimental values. The lines are the fitting curves obtained with Equation (10). 

5. Dynamic Response of the Sensors under H2S and Discussion 
The dynamic response under H2S pulses at concentration ranging from 20 to 100 ppm 

for the most sensitive sensor, i.e., sensor-400, is presented in Figure 9. In the presence of 
H2S, the sensor resistance decreased. This is a typical response for an n-type oxide under 
reducing gas. The response and recovery times are the time taken to reach 90% of the 
equilibrium point when gas or air is introduced. The response and recovery times of sen-
sor-400 are about 20 s and 420 s, respectively, under 100 ppm of H2S. The highest concen-
tration of H2S defines the more difficult conditions for the sensor recovery. Indeed, a com-
plete saturation at the highest concentration induces longer recovery times. Effectively, 
the recovery time decreases to 240 s under H2S 20 ppm. 

 
Figure 9. Dynamic response of sensor-400 under different concentrations of H2S at 350 °C; on: H2S 
injected; off: air injected. 

For sensor-500, the response time is of about 25 s, which is a little bit higher than that 
for sensor-400, but the recovery time is lower: 150 s under H2S 100 ppm. The dynamic 
response of sensor-500 is not presented here. The lower recovery time of sensor-500 is 
linked to its lower sensitivity. Indeed, when the sensitivity variation is higher, the varia-
tion of the sensor resistance is higher as well. In this case, the sensor needs more time to 
recover after the exposition to the gas. Under H2S 20 ppm, sensor-500 presents a response 
time of about 45 s and 120 s for the recovery time. 

For discussing the relevancy of the results given here, some recent works on oxide 
thin films are cited from the literature and listed in Table 3. On mesoporous WO3 thin 



Chemosensors 2021, 9, 295 11 of 13 
 

 

films elaborated by sol–gel, a sensitivity of 1.5 and a response time of 100 s were measured 
for non-doped films under 100 ppm of H2S [28]. 

Table 3. Comparison of sensing thin-film materials for H2S monitoring. 

Gas Sensing Material Operating 
Temperature 

Sensitivity 
G/G0 

Response 
Time (s) 

Recovery 
Time (s) 

H2S 
(ppm) Refs. 

Mesoporous WO3  
Sol–gel 260 °C 1.5 200 60 100 [28] 

Nanostructured WO3  
electrodeposition 300 °C 0.85 50 100 10 [29] 

MoO3 micro-sized 
commercial powder 

375 °C 33 10 >800 20 [30] 

Nano-crystalline Fe2O3 
E-beam evaporation  

250 °C 6.2 64 >9000 50 [31] 

Fe-doped CaCu3Ti4012 
Sol–gel 250 °C 125 5 500–1100 10 [32] 

WO3 sensor-400 
RF sputtering 350 °C 2.6–6.6 30–20 240–420 20–100 

This 
study 

On other metallic or complex oxides, interesting results can be found. Under H2S 10 
ppm, CaCu3Ti4O12 thin films exhibit a very good sensitivity [32], in particular with the Fe 
doping, but the recovery times can be longer, from 500 to 1100 s as a function of the Fe-
doping rate. With a sensitivity ranging from 2.6 to 6.6 at the operating temperature of 350 
°C, while recovery times do not exceed 420 s, the WO3 sensor-400 shows very interesting 
characteristics. Finally, in order to test its stability and verify the full recovery, the sensor-
400 was exposed at first to 50 ppm of H2S at 350 °C during 30 min and then to dry air. A 
slight decrease in the resistance value of less than 4% was observed. This final test was 
made after all measurements presented here. That means that these WO3 sensors have a 
very good reliability and very good achievements under H2S and therefore could be good 
candidates for an industrial implementation. 

6. Conclusions 
Tungsten trioxide thin films were elaborated by non-reactive RF magnetron sputter-

ing and annealed at two different temperatures, 400 and 500 °C. The morphology and 
crystalline structure were studied. The DRX and AFM results suggest that an increase in 
the annealing temperature mainly affects the morphology of the film. Two sensors, com-
posed of a W heating element, a WO3 sensing element, and W electrodes embedded in a 
commercial case, were tested under different conditions at SIMTRONICS SAS (3M Com-
pany). Sensor-400 has given a higher sensitivity to H2S than sensor-500. This behavior can 
be linked to the presence of smaller grains in the film annealed at 400 °C. A model of the 
sensitivity evolution has revealed that the operating conduction mechanism is governed 
by a Schottky barrier-controlled conduction associated with the Freundlich adsorption 
isotherm for the adsorption of gases at the sensor surface. Our cost-effective sensors have 
given interesting results: short response time of about 20 s, quite complete recovery after 
a long exposure to H2S, and a very good sensitivity of 6.6 (sensor-400). These features 
demonstrate that the sensors can be applied in industrial conditions. Moreover, the sen-
sors can be qualified as cost-effective sensors because they are only composed of low-cost 
materials, tungsten and tungsten trioxide, and an industrial technique, i.e., sputtering, 
was used for the deposition. Finally, these WO3 sensors have really demonstrated their 
possible use in industrial sites such as oil platforms or oil drilling sites for the detection of 
hydrogen sulfide. 
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