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Abstract: In 2008, the modified European Restriction of Hazardous Substances (RoHS) directive
prohibited the use of hazardous substances such as lead, cadmium, and mercury. As such, an urgent
need for lead-free components emerged in Europe. In this frame, we have decided to study the
microstructure influence of zinc oxide thin films on the detection of hydrogen sulfide (H2S). Zinc
oxide thin films were deposited by PLD on silicon substrates under different conditions to modify
the microstructure. In order to compare our demonstrators to current commercial semiconductor
gas sensors, measurements under H2S were also performed with sensors from Figaro and Winsen
corporations. Gas sensors were therefore implemented by using commercial cases in view to test
them with Simtronics gas detector DG477. The good sensitivity values measured at T = 400 ◦C under
100 ppm H2S, and response times as low as 30 s, definitely confirm that ZnO thin films could be
developed for commercial sensors.

Keywords: zinc oxide; lead-free; thin films; PLD; gas sensor; hydrogen sulfide

1. Introduction

In 2008, the modified European Restriction of Hazardous Substances (RoHS) directive
prohibited the use of hazardous substances such as lead, cadmium, and mercury. As
such, an urgent need for lead-free components emerged in Europe. The global industry
of electronics is therefore trying to produce components and devices which comply with
RoHS standards. For the detection of dangerous toxic and flammable gases in industrial
sites, oxides have been studied and implemented for the development of gas sensors, and
especially semiconductor gas sensors [1–5]. For this sensor technology, the material of the
oxidation–reduction mechanism is generally a semiconductor metallic oxide with n or p-
type behavior. Here, a lot of studies have been completed, such as on the well-known SnO2
or ZnO, in which conduction is due to oxygen vacancies because the oxide is not exactly
stoichiometric [6–8]. The redox reactions, or simply adsorption to the surface, will change
the resistivity of the material, by varying the number of charge carriers. In this application,
the sensible material is heated for reaching the maximum sensitivity, and the variation of the
material resistance is measured to determine the sensing parameters. The heating element
is only used to control the operating temperature. However, the heating power must be
managed because it is the most important part of the total electrical power consumption of
the sensor. The sensing measurement range of these devices depends on the implemented
signal processing: either the range 0–100% LLE (low limit of explosivity) or the range
0–100% v/v, the range ppm. Among their properties, semiconductor gas sensors are well-
known for their non-selectivity in non-optimized conditions [9,10]. So, high selectivity is
one of the main challenges of semiconductor gas sensors. Enhancing the selective properties
is mainly completed by two approaches. The first one is performed by investigating the
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optimal operating temperature, doping elements, and their concentrations [7–9]. The
second one is usually performed by modulation of the sensor operating temperature [11–15]
or by using sensor arrays as electronic noses [16,17]. Sensitivity to various compounds will
also depend on the gas calibration, like for catalytic sensors. Additionally, they require the
presence of oxygen to function [3,4,6,10]. Indeed, the presence of oxygen in the background
determines a higher baseline resistance due to the formation of ionosorbed oxygen. This
effect generally increases the response and recovery times. For the detection of flammable
gases, semiconductor sensors are not very used in industrial applications, because they
age due to heating and thus derive very rapidly, i.e., within weeks for some. In addition,
these sensors are influenced by ambient conditions, particularly by moisture [4,6,10]. The
moisture influence is also confirmed by corporations for commercial gas sensors [18–20].
The water vapor adsorbed onto the surface of the semiconductor is an interfering problem.
The dynamic response of these sensors is very variable, and the response time can range
from a few tens of seconds to several minutes [5–9]. Their lifetime is of the order of several
weeks to several years, depending on the context of use. Therefore, the use of SC gas
sensors is not recommended for the detection of flammable gas. In contrast, semiconductor
oxides can be used for the detection of toxic gases and vapors. Moreover, our industrial
partner, SIMTRONICS SAS, is particularly interested in cost-effective semiconductor gas
sensors dedicated to the detection of hydrogen sulfide (H2S), as one of its main markets is
related to oil production sites. H2S is a colorless, toxic gas with a strong smell of rotten eggs;
it is present in a natural way (crude oil, natural gas, volcanic gas . . . ) but is also produced
by human activities (oil refinery, petrochemical industry, food processing industry . . . ).
The human olfactory sensitivity to H2S is low (0.014 ppm) but our ability to detect this gas
decreases when its concentration increases and disappears around 100 ppm, and H2S can
cause death beyond 800 ppm. Today, occupational exposure limit values in workplace air
are less than 10 ppm (1 ppm for the more restrictive value). In this frame, we have decided
to study the influence of the microstructure of zinc oxide (ZnO) thin films on the detection
of hydrogen sulfide (H2S). In this way, zinc oxide thin films were deposited by PLD on
silicon substrates under different conditions to modify their microstructure. In the present
work, we report first results obtained with lead-free ZnO oxide as semiconductor gas
sensors. ZnO thin films were deposited by pulsed laser deposition on Si (100) and SiO2/Si
(100) substrates. A detailed study of the influence of the substrate temperature and the
oxygen pressure during the deposition on the phase formation, and the microstructure, and
the electrical properties was first performed on ZnO/Si (100). The objective was to obtain
regular films with various structural and microstructural characteristics and to correlate
these with the results of the sensor measurements.

2. Experimental Section

The ZnO thin films were grown on commercial single-crystalline Si (100) and SiO2/Si
(100) substrates. They were deposited from a homemade sintered target by pulsed laser
deposition using a KrF excimer laser (λ = 248 nm) with a focused energy density of about
2 J/cm2 and a pulse duration of 20 ns. The three variable deposition parameters were
the laser frequency: between 2 to 5 Hz; the temperature: from room temperature (RT)
to 700 ◦C, and the atmosphere: from vacuum to oxygen pressure between 6 × 10−2 to
1 mbar. The structural analyses were performed by X-ray diffraction using a D8 Advanced
Brüker AXS (θ−2θ configuration) equipped with a monochromatized Cu Kα1 radiation
source. Microstructural characterizations, mainly surface morphology, and thickness, were
determined by field-emission scanning electron microscopy (FE-SEM), using a JEOL JSM
6310F system working at a low accelerating voltage (7–9 kV) in order to limit charge
effects and to achieve a high resolution without causing surface metallization. The sheet
resistance of samples was directly measured with the 4 probes method. For the electrical
characterizations and tests under gas, interdigitated electrodes were prepared by optical
lithography and deposition of gold by vacuum evaporation. The distance between fingers
of interdigitated electrodes was kept to 100 µm for all sensors. The resistance of films
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was measured by an HP4284A impedance analyzer using the interdigitated electrodes
deposited onto the film surface. For all measurements under gas exposure, the prepared
samples were glued to a heater. Then, both films and heaters were embedded in commercial
cases. The 100 ppm hydrogen sulfide was bought from a commercial provider. For lower
concentrations, it was diluted with different ratios of dry air (commercial synthetic air). The
hydrogen sulfide, with different concentrations, or air, was directly injected into the nose of
the Simtronics gas detector DG 477. Weak flows were only used for avoiding temperature
variations of the gas sensor.

3. Results

Figure 1 shows the θ–2θ X-ray diffraction (XRD) patterns of ZnO thin films deposited
by PLD on Si (100) substrates, at 350 ◦C and 700 ◦C, under vacuum or under various oxygen
pressures (6 × 10−2, 0.7 and 1 mbar), with a fixed laser frequency (5 Hz) and a deposit
duration varying from 10 to 30 min. Detailed conditions are summarized in Table 1.
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Table 1. Conditions of deposition, XRD analyses, film thickness, and electrical resistance of ZnO/Si
(100) thin films.

Sample C10 C9 C12 C15 C11 C14 C22

Temperature (◦C) 350 350 350 700 700 700 700

Pressure (mbar) vacuum 0.06 0.7 vacuum 0.06 0.7 1

Deposition duration (min) 30 30 15 15 15 10 10
(002) diffraction peak

position (◦2θ) 34.033 34.372 34.475 34.451 34.583 34.469 34.471

c parameter (Å) 5.264 5.214 5.199 5.202 5.183 5.200 5.199

FWHM (002) (◦) 0.893 0.130 0.290 0.124 0.102 0.115 0.113
Crystallite size D (Å) 93 694 289 734 932 800 817
Film thickness (nm) 700 700 500 200 400 500 600

Sheet resistance 1 kΩ 10 kΩ 100 kΩ 10 kΩ 400 kΩ 10 MΩ 10 MΩ

Pure ZnO phase is obtained whatever the deposition conditions are, and all peaks are
indexed in a Würtzite-type structure (ICDD PDF Card n◦00-080-0075). Two intense peaks,
indexed as the (002) and (004) reflections of the hexagonal structure, show that the films
present a high c-axis oriented growth, as usually observed with Si or glass substrates and
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whatever the deposition method [21–25]. The presence of native oxide on the surface of
the substrate, and more precisely oxygen atoms, leads to a preferential attraction of Zn
atoms; in the Würtzite structure, the higher density of Zn atoms is along the (00`) planes,
which could favor this growth orientation [25]. However, the pressure increase leads to
polycrystalline growth, regardless of the deposition temperature.

The lattice c constant of the ZnO thin films were calculated from the (002) diffraction
peak position (◦2θ); both values are listed in Table 1. According to the ICDD PDF card,
the bulk value of the (002) peak position and the c parameter is, respectively, 2θ = 34.40◦

and c = 5.2098 (3) Å at 350 ◦C, the pressure increase induces a shift of this peak position
towards wide angles whereas c parameter decreases. The C9 and C10 samples have higher
c lattice constants than the bulk ones, which implies tensile stress; in contrast, other films
are under compressive stress [26].

Additionally, when the pressure increases, mainly at 350 ◦C, the peaks become thinner.
The broadening of the (002) peak can be used to determine the crystallite size (D) of the
films, by using the Debye–Scherrer formula:

D =
Kλ

(β2 − β2
0)

1
2 cos θ

(1)

where λ = 0.15406 nm is the wavelength of the X-ray radiation, θ is the Bragg angle of the
(002) reflection, β is the full width at half maximum (FWHM) of the diffraction peak and β0
is the width related to the instrumental broadening (both measured in radian) and K = 0.9
when using the FWHM. The results are presented in Table 1.

As expected, and already observed [25], the crystalline quality of the films deposited
is enhanced at higher temperature; all films deposited at 700 ◦C have FWHM values lower
than 0.13◦ with corresponding crystallite sizes larger than 70 nm. On the contrary, a FWHM
value around 0.9◦ associated to a crystallite size of around 10 nm is observed for the film
deposited under vacuum at 350 ◦C, in agreement with the broad peaks shown on Figure 1.
At 700 ◦C, no significant influence of the oxygen pressure was observed, whereas the
quality of the film is strongly enhanced with oxygen at 350 ◦C. Whatever the temperature,
better results are obtained under an oxygen pressure of 0.06 mbar.

The morphology of the thin films is strongly dependent on the deposition conditions
as illustrated in Figure 2. Dense and continuous films were obtained under vacuum and
with 0.06 mbar oxygen pressure (not shown), while porous films formed by quite circular
grains of 100 to 150 nm in diameter are observed at 700 ◦C with oxygen. At 350 ◦C under
oxygen, the shape of the grains is quite different: large and more or less flat grains of
various shapes appear. However, all films present a columnar growth. The films have a
thickness ranging from 200 to 700 nm and a resistance varying from 1 kΩ to 10 MΩ also
depending on the deposition conditions; thus, at a fixed temperature, a higher oxygen
pressure leads to a thicker film with higher electrical resistance. Under exposition to oxygen
and when the deposition temperature is increased, then the film thickness and its resistance
increase. Similarly, and as expected, the increase in laser frequency or deposition time
increases the thickness of the film, but on the other hand, induces a decrease in its resistance.
The grain size increases with the oxygen pressure as clearly shown in Figure 2. So, the
c-axis oriented growth and the microstructure of ZnO/Si (100) thin films can be perfectly
tuned by the deposition conditions.

For our purpose, i.e., gas sensing, we need porous films with controlled grain size
for increasing the adsorption/desorption of gas. For all characterizations under different
conditions of gas exposure, thin films were deposited on SiO2/Si (100) substrates, where
the SiO2 layer was 1 µm thick. Under the same deposition conditions, the ZnO thin
films deposited on Si (100) and on SiO2/Si (100) substrates have the same orientation and
microstructure, but the layer thickness and the grain size are smaller on SiO2/Si than on
Si. Five thin films, labelled C39 to C43, were deposited by pulsed laser deposition on
SiO2/Si substrates, from the same target, and using conditions optimized for gas detection.
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The deposition conditions of these selected films are summarized in Table 2. In order to
evaluate the reproducibility of the gas detection results, two films were made each time
under the same deposition conditions.
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Table 2. Deposition parameters of C39 to C43 labeled films.

Sample C39 C40 C41 C42 C43

Deposition
conditions

Laser frequency (Hz) 5 5 4 4 4

T (◦C) 350 700 700 700 700

p (mbar) 0.7 0.7 1 0.7 0.3

Substrate-target
distance (mm) 42 42 42 34 34

Duration (min) 15 10 10 20 20

The XRD patterns (not shown) of all ZnO/SiO2/Si (100) thin films match a Würtzite-
type ZnO pure phase, with a (00`) preferential orientation; a small (101) diffraction peak,
(i.e., the most intense peak of ZnO powder) is observed for C39 and C42.

All films have a homogeneous, rather dense surface. The same morphologies than
those already observed for ZnO/Si films are found again; large flat disk-shaped grains
(200 ≤ Ø ≤ 400 nm) in case of C39 or small quite circular grains (30 ≤ Ø ≤ 150 nm) for C40
to C43, with a columnar growth (Figure 3). The film thicknesses are, respectively, around
450 nm (C40 and C41), 500 nm (C43), 600 nm (C39) and 1000 nm (C42).

Before the integration in gas sensor packages, AC measurements were performed
for measuring the evolution of film resistances. So, we only give here the real part of
the measured impedance, as the sample (here in inter-digitated configuration) model is
a parallel (R,C) model. The knowledge of the resistance value was important because
the electronic conditioner was designed in function of this value. The results are given
in Figure 4 in the 20 Hz to 1 MHz frequency range, for two samples of each kind of film.
The lowest values were measured on the film C39 with values always lower than 1 kΩ.
The highest ones were given by film C41 with values around 10 kΩ. The evolution of the
resistance can be easily linked to the microstructure differences. The film C39 is completely
different when compared to the four others, because it is not composed of circular grains,
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but mainly of disc-like grains arranged in different directions. The film C41 is very dense
and composed of very fine grains, mainly circular, of diameters ranging from 30 to 90 nm.
Between these two films, the others show a microstructure similar to film C41, but with
bigger grains.
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Measurements under the Exposure of H2S

Finally, the ZnO thin films were embedded in commercial cases for all measurements
under gas. An example of a semiconductor gas sensor is presented in Figure 5. Here, it
is necessary to be reminded that a semiconductor (SC) gas sensor is composed of three
different parts: (a) the heater used for tuning the operating temperature because SC gas
sensors generally show a peak of sensitivity for temperatures ranging from 200 to 500 ◦C;
(b) the oxide sensitive film deposited onto a substrate; (c) metallic interdigitated electrodes
deposited onto the film surface for the electrical measurements.
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Figure 5. Semiconductor gas sensor. On the left: schematic; center: wiring of electrodes; on the right:
commercial case used for measurements under gas.

In the following text, we will use the terms “response” and “sensitivity” synonymously,
because they are both used by the community. For reducing gas, the sensor response S is
given by:

S = (R0 − R)/R (2)

where R is the measured resistance under the test gas, R0 is the resistance in the initial conditions
(under air, measurement temperature). In the case of oxidizing gas, S = (R − R0)/R0.

The gas sensor is mounted on an electronic card for signal conditioning. Then, the
e-card is placed into the nose of the Simtronics gas detector DG 477. The complete mea-
surement setup is presented in Figure 6. This setup is controlled by software developed by
our industrial partner.
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Figure 6. On the left: sensor and e-card for signal conditioning. On the right: measurement set-up.

All gas sensors were tested under different concentrations of H2S and in a large
temperature range for defining the optimal operating temperature with the maximum
sensitivity. The ZnO sensors have given an optimal response at 400 ◦C. In view to compare
our results to current commercial semiconductor gas sensors, measurements under H2S
were also completed with sensors from Figaro and Winsen corporations [18–20]. All the
results on the sensitivity under 100 ppm H2S concentration are plotted in Figures 7–11.
The sensitivity value calculated from Equation (2) is given on each figure. The average
sensitivity values of the ZnO sensors are really of interest, as no optimization of the sensor
volume was performed to increase the sensitivity at this time. About the dynamic response,
all values of response and recovery times are also given in each figure. These dynamic
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time values were measured for a response of 90% of the complete response, i.e., when
reaching saturation.
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For all films, the response under H2S is significant with sensitivity ranging from
22 to 77%. The film C39 displays a sensitivity of 56% with the longest times of response
and recovery. This film microstructure is made of disc-like grains, which are relatively big.
In fact, the film C39 shows grains of length higher than 200 nm and is randomly oriented.
This polycrystalline growth is confirmed by its XRD pattern. The films C40 to C43 display
a homogeneous and well-compact surface made of quite circular or pentagonal grains. The
diameter of these circular grains varies from 30 to 150 nm. These films are textured in the
direction (00`) highlighted by the XRD pattern. This grain orientation is in agreement with
the columnar growth observed in the cross-section and shown in Figure 3. The film C40
presents good repeatability of the detection cycle, with nevertheless a weak drift of the plot
when the sensor is exposed to air. This behavior could be in relation to the existence of some
small cracks on the surface of the film. These cracks, some micrometers long, could act as
traps for the gas molecules and therefore for the electrons. This electron-trapping process
may be responsible for the light sensor resistance drift under the air exposure. Indeed, ZnO
thin films present a good reaction to H2S exposure because the film surface is the main
region of the sensing process, as demonstrated by results obtained from photoemission
spectroscopy on the ZnO surface [27]. The smallest grains and the weakest grain-size
dispersion are observed for the film C41 where the average value of the grain size is 50 nm.
This microstructure composed of very small grains may explain the highest value of the
sensitivity measured under 100 ppm H2S [3,4,10]. For film C42, the grain size ranges from
50 to 100 nm, with an average size of 80 nm. Moreover, the surface shows some very tiny
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holes and little cracks like those reported for the film C40. Despite these differences with
C41, in particular the grain size, the sensor C42 has given a very good sensitivity of 77%.
About the dynamic response, C42 has given the lowest value of the response time, here
from 30 to 50 s. Good repeatability is also observed for C42 with nevertheless a light drift
on the return to the air, while the value under H2S remains almost stable. This drift can be
explained by the presence of defects on the surface of the film. Indeed, SEM micrographs
show holes as well as nano-cracks (1~5 nm width, 1~10 µm long) in continuity with the
grain joints, in which H2S is likely to remain trapped during the return to the air. Indeed,
it has been demonstrated that sulfidation can be reversed by oxidation, and therefore in
the absence of H2S the pure ZnO surface can be re-established in the air [27]. So, the way
back to air can be altered, i.e., the oxidation process may be incomplete, if the film surface
shows morphological defects. The sensor C43 shows the biggest grains ranging from
80 to 200 nm. These grains are quite disjointed as holes can be regularly seen on the film
surface. This dislocation of the grains is due to the shape modification. Actually, square and
quite-pentagonal grains seem to be mainly observed. This evolution of the microstructure
may explain the weaker sensitivity and higher values of the response and recovery times.
Figure 12 summarizes all obtained results under 100 ppm H2S at T = 400 ◦C, in relation to
the microstructure of the ZnO thin films.

Chemosensors 2022, 10, x FOR PEER REVIEW 10 of 13 
 

 

ranges from 50 to 100 nm, with an average size of 80 nm. Moreover, the surface shows 
some very tiny holes and little cracks like those reported for the film C40. Despite these 
differences with C41, in particular the grain size, the sensor C42 has given a very good 

sensitivity of 77%. About the dynamic response, C42 has given the lowest value of the 
response time, here from 30 to 50 s. Good repeatability is also observed for C42 with nev-

ertheless a light drift on the return to the air, while the value under H2S remains almost 
stable. This drift can be explained by the presence of defects on the surface of the film. 
Indeed, SEM micrographs show holes as well as nano-cracks (1~5 nm width, 1~10 μm long) 

in continuity with the grain joints, in which H2S is likely to remain trapped during the 
return to the air. Indeed, it has been demonstrated that sulfidation can be reversed by 

oxidation, and therefore in the absence of H2S the pure ZnO surface can be re-established 
in the air [27]. So, the way back to air can be altered, i.e., the oxidation process may be 
incomplete, if the film surface shows morphological defects. The sensor C43 shows the 

biggest grains ranging from 80 to 200 nm. These grains are quite disjointed as holes can 
be regularly seen on the film surface. This dislocation of the grains is due to the shape 

modification. Actually, square and quite-pentagonal grains seem to be mainly observed. 
This evolution of the microstructure may explain the weaker sensitivity and higher values 
of the response and recovery times. Figure 12 summarizes all obtained results under 100 

ppm H2S at T = 400 °C, in relation to the microstructure of the ZnO thin films. 

 

Figure 12. Summary of the response parameters of the sensors C39 to C43 under 100 ppm H2S at T 
= 400 °C. 

In a second step, the sensors made with ZnO C40 to C42 films were tested at the 
optimal temperature of 400 °C for different concentrations of H2S. Results on sensor C43 

are not given because the sensor heater failed during this test. The concentration was ad-
justed from 25 to 100 ppm. Moreover, in view of comparing the performance of our home-

made ZnO sensors, a challenging choice was made by testing current commercial semi-
conductor gas sensors in the same conditions. These conditions mean that all the gas sen-
sors were tested with the same measurement setup, as defined in Figure 6, and with the 

same gas injection procedure. This comparison choice was preferred to a simple compar-
ison to the literature because the literature samples are not tested in the same conditions, 

and generally, are not embedded in commercial cases for test under gas. The commercial 
sensors, i.e., MQ136 and TGS2602, from Zhengzhou Winsen Electronics Technology Co. 

(Zhengzhou, China), and Figaro USA Inc. (Arlington Heights, IL, USA), respectively, were 
tested by respecting the polarization conditions defined by the manufacturer. Addition-
ally, for experimental measurements, data from technical datasheets were added as well, 

plotted in Figure 13. In these datasheets, the sensitivity is given by the relation: 

Figure 12. Summary of the response parameters of the sensors C39 to C43 under 100 ppm H2S at
T = 400 ◦C.

In a second step, the sensors made with ZnO C40 to C42 films were tested at the
optimal temperature of 400 ◦C for different concentrations of H2S. Results on sensor C43
are not given because the sensor heater failed during this test. The concentration was
adjusted from 25 to 100 ppm. Moreover, in view of comparing the performance of our
homemade ZnO sensors, a challenging choice was made by testing current commercial
semiconductor gas sensors in the same conditions. These conditions mean that all the gas
sensors were tested with the same measurement setup, as defined in Figure 6, and with the
same gas injection procedure. This comparison choice was preferred to a simple comparison
to the literature because the literature samples are not tested in the same conditions, and
generally, are not embedded in commercial cases for test under gas. The commercial
sensors, i.e., MQ136 and TGS2602, from Zhengzhou Winsen Electronics Technology Co.
(Zhengzhou, China), and Figaro USA Inc. (Arlington Heights, IL, USA), respectively, were
tested by respecting the polarization conditions defined by the manufacturer. Additionally,
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for experimental measurements, data from technical datasheets were added as well, plotted
in Figure 13. In these datasheets, the sensitivity is given by the relation:

S = R/R0 (3)

where R is the measured resistance of the sensor under the test gas, R0 is the resistance
in the initial conditions (under air, measurement temperature). So, all sensitivities were
converted in the same form, defined by Equation (3).
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are given.

All the results on the sensitivity under different H2S concentrations are plotted in
Figure 13. The average sensitivity of the ZnO sensors is really of interest, in particular
for ZnO-C42, as no optimization of these first homemade gas sensors was performed.
Actually, ZnO-C42 has a sensitivity of 0.25 at 100 ppm H2S. This value is not so far from
the sensitivity value of commercial sensors, which was around 0.1 at 100 ppm H2S. So, we
may expect to improve the ZnO sensor sensitivity by lowering the sensor volume and by
optimizing the electrode configuration.

During the test of all these sensors, measurements of the dynamic response were also
completed. The response time and recovery time values were extracted from dynamic
responses under 100 ppm H2S, so from Figures 7–11. All values have been given previously
in Figure 12, with a discussion of these results. The dynamic responses of the commercial
sensors have given a response time of 3–4 min. for TGS2602, and 2 min. for MQ136. In the
literature, studies on ZnO films exposed to H2S generally display response time values
ranging from 50 s to 5 min [28–30]. These results indicate that our ZnO sensors have similar
response times or better in the case of ZnO-C42, and therefore confirm the great potential of
our ZnO thin film-based gas sensors. In the future, a volume optimization of the gas sensor
could be performed to improve the sensitivity value, as was shown with ZnO nanorods or
nanowires [29,30].

4. Conclusions

In the continuously growing market of gas detection, there is an urgent need for lead-
free components. So, we have decided to study the microstructure influence of zinc oxide
thin films on the detection of hydrogen sulfide (H2S). Zinc oxide thin films were deposited
by PLD on silicon substrates under different conditions to modify the microstructure, in
particular the grain shape and size. Under an exposure of 100 ppm H2S, the sensors C41
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and C42, composed of very small grains, have given a remarkable response value of 77%
where S = (R0 − R)/R. Additionally, in view to compare our demonstrators to current
commercial semiconductor gas sensors, measurements under H2S were also completed
with sensors from Figaro and Winsen corporations. The H2S concentration was adjusted
from 25 to 100 ppm. Sensitivity value as high as R/R0 = 0.25 was obtained at T = 400 ◦C
under 100 ppm H2S. About the dynamic response, our best ZnO sensor has given better
response times than commercial sensors with response times ranging from 30 to 50 s. All
these results clearly demonstrate that ZnO thin films with a controlled microstructure could
be of high interest for the development of highly sensitive commercial gas sensors.
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