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ne detection performance of Si-
dopedWO3 films deposited by sputtering and post-
annealing†

Pin-Kuan Lin,a Yi Qin,a Xiaoding Qi *ab and Liji Huangc

Si-doped WO3 films were sputtered at room temperature and then annealed in air at 500 °C. The Si doping

resulted in structural distortion from space group P21/n to Pc. A high density of pores with a diameter of

∼20 nm was observed in the films, which is ideal for gas sensing applications because of the easy

diffusion of gas. Isoprene sensitivity, which is defined as the resistance ratio measured in pure air and in

air containing 5 ppm isoprene, was greatly improved by the Si doping. The films containing 6.3 at% Si

showed the highest sensitivity of 7.7 at a working temperature of 325 °C. However, despite a lower

sensitivity of 6.9 measured at 350 °C, the films exhibited better gas selectivity for isoprene over a range

of reference gases, including methanol, ethanol, acetone, CO and CO2. The response and recovery

times of the films were very short, being less than 1.5 and 3.0 seconds, respectively. Detailed

characterization with a range of techniques verified that the increase in gas sensitivity in the Si-doped

films was related to better oxygen adsorbability as a consequence of an increase in positively-charged

oxygen vacancies introduced by the aliovalent substitution of W6+ by Si4+.
1. Introduction

Volatile organic compounds (VOCs) in human exhaled breath
carry the ngerprints of metabolic and biochemical processes
that take place inside the human body. An abnormal level of
VOCs in human exhaled breath can therefore act as a biomarker
for some diseases. For example, the breath of diabetes patients
usually contains a high level of acetone,1,2 while an elevated
amount of ammonia is found in the breath of patients with
renal failure or liver dysfunction.1,3,4 Therefore, breath analysis
shows potential for the early detection of a range of diseases.
However, such a diagnosis technique is still underused so far
and commercial devices, in particular portable devices suitable
for daily health monitoring at home, are not yet available due to
various challenges, among which is the discovery of various gas
sensors that are small and yet sensitive enough for ppm (or sub-
ppm) detection of VOCs. Semiconducting metal oxides (SMOs)
have shown great potential for such applications.5,6 When
exposed to gas containing an elevated level of a member (or
a group of members) of VOCs, signicant changes occur in the
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electric properties of the purposely engineered SMOs, which
can be exploited for gas sensing applications.5,6

This work is concerned with the thin lm growth and char-
acterisation of Si-doped WO3 for isoprene (C5H8) sensing, as
well as establishing a correlation between aliovalent-doping-
induced defects and the changes in gas sensing properties.
Isoprene is one of the most abundant VOCs measurable in
human breath,7,8 and it has been observed that there is a varied
concentration in the breath of different patients, such as those
with liver disease,9 heart failure,10 and end-stage renal failure.11

Although the biochemical origin and clinic relevance of these
observations have yet to be understood, there is potential for
isoprene to serve as a non-invasive biomarker for the detection
and monitoring of several metabolic effects.12 However,
compared to other potential biomarker gases, such as acetone
or ammonia, there has been far less study of isoprene sensing.
For a brief overview of the current research status of isoprene
sensing SMOs, Table 1 summarises the materials studied and
their sensing performances published during recent years
(2020–2023).13–25

The most investigated SMOs for VOC sensing were
transition-metal oxides, including In2O3, SnO2, WO3, MoO3,
TiO2, ZnO, and Co3O4,26 which were usually doped with a small
amount of another element (or elements) for higher sensitivity
to a particular gas (i.e., the selectivity for this gas). Several of the
above SMOs, i.e., In2O3,20 ZnO,17 WO3,21 and Co3O4,25 have been
studied for isoprene sensing and a number of elements,
including Au,17,21 Pt,16 Pd,20 Ti,27 and Si,12 have been tried as
dopants. In this study, we chose a combination of Si-dopedWO3
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The SMOs studied in recent years (2020–2023) for isoprene sensing

Material Isoprene (ppm) Operating temp. (°C) Sensitivity Response/recovery times (s) Reference gases Year Ref.

WO3 10 205 7 12/71 CH2O, C2H5OH, CH3OH, C6H6,
C6H5CH3, C3H6O

2020 13

In2O3 5 190 4 53/299 NH3, C2H5OH, H2, CO 2020 14
In2O3 1 350 231 3/35 C3H6O, CO, H2 2021 15
Pt-In2O3 1 200 69.9 124/204 NH3, C2H5OH, H2, CO 2021 16
Au-ZnO 1 350 1371 50/>1800 C3H6O, C2H5OH, H2 2021 17
WCl6/h-WO3 4 350 6.4 —/— C3H6O 2021 18
Au@Cr2O3-In2O3 1 180 6.4 52/443 CH2O, C2H5OH, NH3, CO, H2, NO2 2022 19
Pd@In2O3 25 196 6.3 —/— — 2022 20
Au@m-WO3 0.1 275 12.3 63/1204 C3H6O, C2H5OH, H2, CO, C7H8 2022 21
P-CaFe2O4/N-ZnFe2O4 30 200 19.5 72/35 CH2O, C2H5OH, C3H6O, CO, H2S,

NH3, C7H8, C6H15N
2022 22

ZnO/ZnFe2O4 1 120 19.7 —/— C3H6O, CO, H2S, NH3, C7H8, C3H8O 2022 23
In2O3/MoS2 0.1 200 1.8 38/252 C2H5OH, C5H12, C6H6, CH2O 2023 24
Co3O4@CoPW 5 300 180.6 17.3/51.8 C3H6O, C2H5OH, H2, CO, C7H8 2023 25
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for an investigation of isoprene sensing performance.
Compared with other SMOs, WO3 has a number of superiori-
ties. For example, it has good tolerance for oxygen non-stoi-
chiometry,28 which is critical in the SMO sensing process
according to the well-known oxygen ionosorptionmodel.5,6 Also,
it has the advantages of low working temperature, environ-
mental friendliness, high product purity, low cost, and easy
fabrication of various nanostructures (1D, 2D & 3D) by simple
techniques.29–31 In fact, WO3 is one of themost studied SMOs for
various gas sensing applications.30,31

However, doping WO3 with Si for selective isoprene sensing
has hardly been studied. To the best of our knowledge, there is
only one such publication, which was concerned with the
selective monitoring of breath isoprene using Si-doped WO3.12

Instead of the sensor material itself, the focus of this work was
on the device concept for a portable isoprene sensor and the
performance characterisation of such a device with real human
breath.12 The selectivity for isoprene in this study was achieved
by an activated alumina lter rather than the isoprene selec-
tivity of the Si-doped WO3 sensor.12 However, in a study on Si-
doped WO3 for acetone sensing, it was found that without
a Pt/Al2O3 lter, the isoprene sensitivity of the Si-doped WO3

itself was about 2 times higher than the acetone sensitivity.32 In
contrast, many other SMOs, such as Pt-doped SnO2, show poor
isoprene selectivity and a lter has to be placed in front of the
SMO sensor.33 So, Si-dopedWO3 has great potential for selective
isoprene sensing.

Si has a relatively stable oxidation state of 4+, while W may
have mixed oxidation states of 5+/6+. So, the aliovalent substi-
tution of Si4+ with W5+/W6+ is expected to result in a further
variation in the oxygen stoichiometry of WO3−x (x $ 0), which
provides more room for tailoring the gas sensing properties. In
this study, samples of Si-doped WO3 were prepared in thin lm
form by RF magnetron sputter deposition followed by post-
annealing in air. The isoprene sensing properties of the lms
with different Si doping levels and structural distortions were
© 2024 The Author(s). Published by the Royal Society of Chemistry
examined, and the possible mechanism leading to higher gas
sensitivity was discussed.

2. Experimental
2.1 Film growth

The Si-doped WO3 lms were co-sputtered on glass substrates
(Corning Eagle XG) from two metallic targets (i.e., W and Si) at
room temperature (RT) with Ar as the working gas, and then
annealed in a muffle furnace in air at 500 °C for 1 h to form the
oxide phase. Prior to lm deposition, the chamber was evacu-
ated to 6 × 10−6 Torr and then lled with Ar to a pressure of 20
mTorr, at which the sputter deposition took place and typically
lasted for 30 min. The W target, which had a 2-inch diameter
and 99.99% purity, was purchased commercially (Oumeida
Applied Materials Technology Co., Taiwan), while the Si target
(2-inch diameter) was cut from a 4-inch commercial wafer of 9N
purity (Golden Optoelectronic Co., Taiwan). During the lm
deposition, the sputter power at the W target was maintained at
70 W, while the power at the Si target was varied between 20 W
and 50 W to adjust Si doping concentration in the lms.

2.2 Characterization of the lms

The phase purity and structure of the prepared lms were
studied by X-ray diffraction (XRD, Rigaku Miniex II) with CuKa
radiation (l = 0.1541 nm). The surface and cross-sectional
morphologies were examined by scanning electron microscopy
(SEM) using a Hitachi SU8000 microscope, which had a Bruker
XFlash 5010 detector installed for elemental analysis via energy
dispersive X-ray spectroscopy (EDS). The high-resolution micro-
structure of the lms was studied by transmission electron
microscopy (TEM, JEOL JEM-2100F). The oxidation states of
elements in the lms were investigated by X-ray photoelectron
spectroscopy (XPS, PHI VersaProbe 4), which was performed
with Al Ka radiation in a high vacuum (1 × 1 0−6 Pa) at RT. The
band gap of the lms was determined via the Tauc plot using the
RSC Adv., 2024, 14, 13618–13627 | 13619
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optical absorption data measured by UV-visible spectroscopy
(Hitachi U4100). AC impedance analysis was carried out with
a commercial impedance analyzer (Wayne Kerr 6510B). The DC
resistance was measured with an Agilent 34410A 612 multimeter.
For the electric measurements, platinum electrodes were evap-
orated on the lm surface, which were patterned by a mask into
parallel bars, each measuring 0.3 × 6 mm2. There was a gap of
0.1 mm between the neighbouring bars, which were alternately
linked together to form two groups of electrodes between which
the electric properties were measured.

2.3 Gas sensing measurement

The sensitivity (S) in gas detection is dened as follows: S = Ra/
Rg, where Ra is the lm resistance measured in pure air and Rg is
the lm resistance measured in the test gas, which was air
containing 5 ppm isoprene or other common VOCs, including
methanol (CH4O), ethanol (C2H6O), acetone (C3H6O), carbon
monoxide (CO), and carbon dioxide (CO2). The sensitivities of
these VOCs were measured for comparison with isoprene so
that the gas selectivity for isoprene (i.e., the S ratio between
isoprene and other gases) could be found. Apart from sensitivity
and selectivity, the response and recovery times are also of great
importance for gas sensing applications. The response time is
dened as the time for the sensitivity to rise to 90% of its steady-
state value aer the test gas is injected, while the recovery time
is dened as the time for the sensitivity to drop to 10% above its
background value when pure air is injected.
Table 2 EDS result of films sputtered at different Si target powers

Power (W) Si (at%) W (at%) Sample id

0 0 100 0SiW
20 2.26 97.74 2SiW
30 6.25 93.75 6SiW
40 7.66 92.34 8SiW
50 10.90 89.10 11SiW

Fig. 1 Surface SEM images for (a) 0SiW, (b) 6SiW and (c) 11SiW. Cross-s

13620 | RSC Adv., 2024, 14, 13618–13627
3. Results and discussion
3.1 Composition, phase and microstructure

Table 2 shows the Si doping concentrations in the prepared
WO3 lms, which were determined by EDS analysis. As ex-
pected, the Si content in the lms increased as the sputter
power at the Si target increased, which was about 2.3 at%, 6.3
a%, 7.7 at% and 10.9 at% for powers of 20 W, 30 W, 40 W, and
50 W, respectively. For convenience, the samples are named
according to their Si concentration in the following discussions,
i.e., 0SiW, 2SiW, 6SiW, 8SiW, and 11SiW (see Table 2). Fig. 1
shows the surface and cross-sectional SEM micrographs, which
appear to have similar morphologies for lms of different Si
doping levels, i.e., all the lms were composed of ne particles
with a smooth surface and a tidy interface between the lm and
the substrate. However, XRD revealed that the crystal structure
of the lms was constantly distorted as the Si content in the
lms increased, as shown in Fig. 2. The d-spacings of the
undoped lm (0SiW) matched well with the monoclinic phase
of WO3 (PDF #71-2141), which has space group P21/n (no. 14).
However, the reference pattern given in the database indicates
that the (002), (020) and (200) peaks have similar intensity (i.e.,
99.9%, 97.0%, 100%), whereas the pattern of 0SiW in Fig. 2
shows a greatly reduced intensity for (002) and (020); in
particular, the (020) peak nearly disappears. Such changes in
relative intensity show that the crystallites in the lm did not
orient randomly. Instead, they were grown preferentially along
the (200) direction. It is noted that, although no peak from any
secondary phase was observed, a small amount of amorphous
SiO2 might be segregated in the samples with high Si doping
level, which was not detectable by XRD.

As highlighted in the right-hand panel of Fig. 2, the Si doping
results in the (200) peak shi constantly to the smaller 2q side as
the Si doping level increases. In contrast, the (002) peak shis
constantly to the larger 2q side and its intensity decreases as the
Si content in the lms increases. In fact, it is found that the
ectional SEM images for (d) 0SiW, (e) 6SiW and (f) 11SiW.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD patterns for the films of 0SiW, 2SiW, 6SiW, 8SiW and 11SiW.
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crystal structure of the Si-doped lms with high concentration
($6 at%) matches better with another monoclinic phase in the
XRD powder diffraction database (PDF #87-2379), which has the
space group Pc (no. 7). In addition to variations in peak
Fig. 3 High-angle annular dark-field (HAADF) images: (a) 0SiW and (c) 6S
to the P21/n phase (PDF #71-2141) and Pc phase (PDF #87-2379), respec
was performed.

© 2024 The Author(s). Published by the Royal Society of Chemistry
position, Si doping also resulted in broadening of the XRD
peaks (see right-hand panel of Fig. 2), as a consequence of
reduced crystallite size (L) in the Si-doped lms. Such peak
broadening can be used to estimate the crystallite size by the
iW. NBED patterns: (b) 0SiW and (d) 6SiW, which are indexed according
tively. Note: the red crosses in (a) and (c) are the locations where NBED

RSC Adv., 2024, 14, 13618–13627 | 13621
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well-known Scherrer equation, L = 0.89l/b cos q, where l is the
X-ray wavelength and b is the full width at half maximum of the
XRD peak at the diffraction angle 2q. The calculated crystallite
sizes were 47 nm, 34 nm, 29 nm, 29 nm and 28 nm for the lms
of 0SiW, 2SiW, 6SiW, 8SiW and 11SiW, respectively.

Although the SEM images in Fig. 1 show that the lms are
fairly dense, high-resolution TEM revealed that the lms actually
contained a high density of very small pores with diameters in
the order of about 20 nm, as shown in Fig. 3(a) and (c) for the
lms of 0SiW and 6SiW, respectively. Apparently, such highly
porous lms are ideal for gas sensing applications because of the
easy diffusion of gas molecules. Similar to what was observed in
SEM, the TEM images in Fig. 3(a) and (c) show that Si doping
does not result in a notable change in the nanomorphology of
the WO3 lms. On the other hand, nano-beam electron diffrac-
tion (NBED) revealed that, despite high porosity, the tiny crys-
tallites in the lms had high crystallinity, as manifested by the
occurrence of well-dened diffraction patterns, as shown in
Fig. 3(b) and (d). The diffraction pattern for 0SiW (Fig. 3(b)) can
be indexed according to the P21/n monoclinic phase (PDF #71-
2141), whereas the pattern for 6SiW (Fig. 3(d)) matches better
with the Pc monoclinic phase (PDF #87-2379), which is consis-
tent with the XRD result discussed above.
Fig. 4 (a) A typical curve of sensitivity vs. time, which was measured
with 6SiW in 5 ppm isoprene at 350 °C. (b) Sensitivities measured with
films of different Si doping level. (c) Response and recovery times of
the films measured in 5 ppm isoprene at 350 °C.
3.2 Gas sensing measurement

Fig. 4(a) shows a typical response curve, i.e., sensitivity (S) vs.
time (t), recorded when pure air and test gas (5 ppm isoprene)
were alternately injected into the chamber. The curve in Fig. 4(a)
was measured at a working temperature of 350 °C with 6SiW
lm. It was found that either higher or lower Si doping in the
WO3 lm led to lower sensitivity, as illustrated in Fig. 4(b). The
lms exhibited a very short response time, between 0.3 and 1.5 s
for lms of different Si concentrations, as shown in Fig. 4(c).
The recovery time was slightly longer than the response time,
which varied between 1.2 and 3.0 s for lms containing different
amounts of Si (see Fig. 4(c)).

To nd the gas selectivity for isoprene, the sensitivities of
several other common gases, such as methanol, ethanol,
acetone, CO and CO2, were also measured for comparison. The
results, which were recorded with lms doped with different
amounts of Si, are summarized in Fig. 5(a). They indicate that,
except for the undoped lm (i.e., 0SiW), all the lms with Si
doping have higher sensitivity for isoprene than for any of the
reference gases. So, Si doping in WO3 has a notable effect on
improving isoprene selectivity. In particular, the 6SiW lm,
which was shown earlier to have the highest isoprene sensi-
tivity, also exhibits the best gas selectivity for isoprene. As
indicated in Fig. 5(b), when measured with 6SiW lm, the gas
selectivity, which is dened as the sensitivity ratio between
isoprene and a specic reference gas, ranges from 1.6 (for
methanol/ethanol) to 4.6 (for CO), which are higher than the gas
selectivities measured with all other lms of different Si
content. Fig. 5(c) compares the response and recovery times
measured with isoprene and reference gases, which indicate
that all of them have very short response times of about 1 s or
less. However, there is a large variation in recovery time (2–110
13622 | RSC Adv., 2024, 14, 13618–13627
s), and the quickest recovery times are observed with isoprene
and acetone, which are 2.5 s and 2.3 s, respectively.

To identify the optimal working temperature, the gas sensing
properties were measured with the sample (6SiW) being heated
at different temperatures. Fig. 6 shows that the highest sensi-
tivities are obtained at 325 °C for all the gases, e.g., the isoprene
sensitivity measured at 325 °C is 7.7, compared to 7.1 measured
at 300 °C and 6.9 at 350 °C. However, despite higher sensitivity
at 325 °C, the gas selectivity of isoprene over the other gases is
not better than that measured at 350 °C. In particular, the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Comparison of gas sensitivities measured at 350 °C for
isoprene, methanol, ethanol, acetone, CO and CO2 with films con-
taining different amounts of Si. (b) Isoprene selectivity over other
gases. (c) Response and recovery times of the above gases measured
with 6SiW at 350 °C.

Fig. 6 Sensitivity vs. working temperature measured with 6SiW for
various gases.

Fig. 7 Tauc plots for 0SiW, 6SiW and 11SiW, showing the band gap
which decreases as the Si doping increases.
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isoprene selectivity over methanol at 325 °C is nearly 20% less
than that measured at 350 °C. There are many factors that may
affect the temperature dependence of sensitivity, such as
chemical reaction kinetics and gas absorption mechanisms
(e.g., physisorption or chemisorption).34 So, different gases
many have a different optimal working temperature determined
by the combined effect of these factors. As a result, the highest
sensitivity may not have to come with the best selectivity.
Apparently, the latter is more important in terms of gas sensing
applications.
© 2024 The Author(s). Published by the Royal Society of Chemistry
3.3 Electronic conduction and gas sensing mechanism

Fig. 7 shows the result of band gap measurements for the lms.
The undoped lm (0SiW) has a band gap of 3.50 eV, which is
approximately equal to the values previously reported for WO3

lms grown in a similar way (i.e., sputter deposition plus post-
annealing).35 The large band gap also agrees with the appear-
ance of the lms, which are highly transparent. Si doping
results in a slight decrease in band gap, which is 3.45 eV and
3.40 eV for the lms of 6SiW and 11SiW, respectively. Despite
the large band gap, the lms have nite conductivity, as shown
in Fig. 8, which is known to result from the oxygen vacancies in
lms.36–38 Thermal activation to the conduction band of the
electrons trapped in oxygen vacancies leads to an n-type
conductivity of the oxygen-decient WO3−x lms.37,38 The pres-
ence of oxygen vacancies in our lms was indeed conrmed by
XPS, as shown in Fig. 9, where the asymmetric O 1s peak can be
deconvoluted into three peaks at 530.3 eV, 531.5 eV and
533.0 eV, corresponding to the contributions from the lattice
RSC Adv., 2024, 14, 13618–13627 | 13623
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Fig. 8 R–T curves measured in vacuum (<7.5 mTorr) and in ambient
air for the films of 0SiW and 6SiW.

Table 3 The percentages of different oxygen species and W5+/W6+

ratio

Sample id OL OV Oads W5+/W6+

0SiW 74.0% 21.7% 4.3% 12.3%
6SiW 67.9% 25.7% 6.4% 2.7%
11SiW 75.2% 19.5% 5.2% 11.8%
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oxygen (OL), the oxygen in the vicinity of an oxygen vacancy (OV),
and the adsorbed oxygen in the lm (Oads), respectively.39,40

Also, the n-type conductivity of our lms was conrmed by
measurement of Mott–Schottky plots (see ESI†).

As dened earlier, gas sensitivity is the ratio of lm resis-
tance measured when pure air and test gas are injected,
respectively, into the measurement chamber. One widely
accepted mechanism accounting for such a change in resis-
tance is based on the oxygen adsorption/desorption by the
lms.5,6 The SMO lms for gas sensing are usually
Fig. 9 XPS O 1s binding energy (BE) for (a) 0SiW, (b) 6SiW and (c) 11SiW. Th
the area under each peak, is listed in Table 3. XPS W4f peaks for (d) 0SiW,
3.

13624 | RSC Adv., 2024, 14, 13618–13627
polycrystalline materials consisting of small crystallites, which
are also termed grains in much of the literature. When such
a lm is exposed in air, oxygen molecules are absorbed at grain
boundaries, which will extract electrons from the conduction
band to form oxygen molecule ions (O2

−) or oxygen ions (O−)
dependent on temperature. This process causes band bending
and an electron-depleted layer under the grain surface, leading
to an increase in resistance. If the lm is subsequently placed in
a reduction gas (e.g., isoprene), the oxygen ions will react with
the gas with the release of free electrons. As a consequence, the
thickness of the depleted layer is reduced, leading to a decrease
in resistance. Such a mechanism for resistance changes for an
n-type SMO in a reduction gas may be described by eqn (1)–(5)
below:5,6,17,41

O2(air) / O2(ads) (1)

O2(ads) + e− / O2(ads)
− (<150 ˚C) (2)

O2(ads)
− + e− / 2O(ads)

− (>150 ˚C) (3)

C5H8(g) + 7O2(ads)
− / 4H2O(g) + 5CO2(g) + 7e− (4)

C5H8(g) + 14O(ads)
− / 4H2O(g) + 5CO2(g) + 14e− (5)
e percentage of each oxygen species, which is calculated according to
(e) 6SiW and (f) 11SiW. The calculated W5+/W6+ ratios are given in Table

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) Nyquist plots of the impedances measured with the 6SiW
film at 350 °C in pure air and in 5 ppm isoprene, which were fitted with
the equivalent circuit in (b).

Table 4 Impedances fitted with equivalent circuit

In air In isoprene

Rg (U) 320 300
Rgb (U) 1.24 × 107 2.01 × 106

Cgb (F) 1.74 × 10−10 5.28 × 10−11
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To conrm that such a mechanism indeed works with our
lms, the temperature-dependent resistance (R–T) of the lms
was measured under different atmospheres. As shown in Fig. 8,
when measured in a vacuum (<7.5 mTorr), the lm resistance
decreases continuously as the temperature increases from 50 °C
to 400 °C, which is typical behaviour for an n-type semi-
conductor due to thermal activation of electrons to the
conduction band. However, when measured in air at ambient
pressure, a very different R–T curve is observed. Firstly, the
measured resistance is much larger due to band bending and
the depleted layer at grain boundaries, which are brought about
by the adsorbed oxygen, as explained above. Secondly, there is
an upward turning point at about 250 °C and a downward
turning point at about 330 °C, which are not observed in the
R–T curves measured in a vacuum and therefore cannot be
attributed to the transition from extrinsic to intrinsic conduc-
tion of a semiconductor. So, the upward/downward turning in
the R–T curves measured in air is more likely to be related to the
oxygen adsorption. In fact, such a curve shape is reminiscent of
the plot of adsorbate density vs. temperature, where the upward
and downward turning regions in the curve are correlated with
the transition from equilibrium physisorption to irreversible
chemisorption.42,43 So, the observed R–T behaviour in air may be
understood as follows. The decrease in resistance from 50 °C to
250 °C (Section I of the R–T curve) is due to the deduction in
physiosorbed oxygens as the temperature increases, which
results in a narrower depleted layer and hence a decrease in
resistance. The increase in resistance from 250 °C to 330 °C
(Section II) is due to increased oxygen adsorption via the
chemisorption process, which only becomes prominent at high
temperature. The gradual drop in resistance at a temperature
higher than 330 °C (Section III) is attributed to desorption of the
chemisorbed oxygen.

The above results indicate that band bending and the
depleted layer at grain surface play a dominant role in the gas
sensing mechanism. So, AC impedance analyses were carried
out to discriminate the grain and grain-boundary contributions
to the impedance changes under different ambient gases, which
may be modelled by the equivalent circuit illustrated in
Fig. 10(b). The grain boundaries are represented by a parallel
subcircuit consisting of a capacitor (Cgb) and a resistor (Rgb),
which is connected in series to another resistor (Rg) represent-
ing the grains.44 It is noted that the capacitance for grains is
small, so its contribution to the impedance may be neglected in
the measured frequency range (102 to 107 Hz) and therefore
does not appear in the equivalent circuit. Shown in Fig. 10(a) are
the Nyquist plots of the impedances measured at 350 °C in pure
air and in 5 ppm isoprene, which were tted with the equivalent
circuit (Fig. 10(b)) using the soware ZView® (II),45 to nd the
values of Cgb, Rgb, and Rg. The results are given in Table 4, which
shows that grain resistance measured in air and isoprene
changes only slightly from 320 U to 300 U, respectively, but
there is a great decrease in the grain-boundary resistance,
varying from 12.4 MU measured in air to 2.01 MU measured in
isoprene.

The improvement in isoprene sensitivity of WO3 lms by Si
doping (see Fig. 4(b)) may then be understood according to the
© 2024 The Author(s). Published by the Royal Society of Chemistry
above mechanism. As shown in Fig. 8, the chemisorption-
induced resistance increase at temperatures higher than 300 °
C is much more signicant for 6SiW than for 0SiW, indicating
that the former has higher gas adsorbability. This is consistent
with the XPS result shown in Table 3, which indicates that the
6SiW lm has higher adsorbed oxygen than 0SiW. The increase
in gas adsorbability may result from both structural distortions,
as discussed in Section 3.1, and the changes in defect structures
that may be induced by the aliovalent doping of Si4+ at the W6+

site in WO3. Such doping leads to a reduction in cation valence,
which may be compensated either by the increase in valence of
the cations in a reduced state, i.e., W5+ ions that are presented
in the undoped lm (see Fig. 9(d)), or by the inclusion of
charged anion vacancies, i.e., charged oxygen vacancies (V�

O or
V��
O). The defect equations for such charge compensation

mechanisms may be written as follows:

W�
W þ 2W

0
w þ Si/Si

00
W þ 2W�

W þW (6)

W�
W þ 2O�

O þ Si/Si
00
W þ 2V�

O þWþ 2O (7)

W�
W þO�

O þ Si/Si
00
W þ V��

O þWþO (8)
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It is noted that W�
W is the normal occupation of W6+ at the W

site in WO3, whereas W
0
w is W5+ at the W site, which has

a negative charge. Eqn (7) and (8) lead to an increase in oxygen
vacancies, whereas eqn (6) causes a decreased W5+/W6+ ratio.
Both proposed compensation mechanisms seem to work for the
6SiW lm. As shown in Table 3, the proportion of oxygen
vacancies in 6SiW is increased, while the W5+/W6+ ratio is
decreased.

However, in the case of a very high doping level, i.e., 11SiW,
the induced structural distortion may be too large to accommo-
date more defects, so that the oxygen vacancies are not increased,
as indicated in Table 3. In contrast, the oxygen vacancies are
decreased slightly and yet, although the W5+/W6+ ratio is also
decreased, the amount of the deduction is much less. So, the
charge compensation mechanism for 11SiWmust be different. A
likely one is that some of the oxygen vacancies in the undoped
lm are unionized oxygen vacancies (i.e., V�

O, each with two
trapped electrons), which become charged upon Si doping, i.e.:

W�
W þ 2V�

O þ Si/Si
00
W þ 2V�

O þW (9)

W�
W þ V�

O þ Si/Si
00
W þ V��

O þW (10)

So, although 0SiW has more oxygen vacancies in total, 11SiW
may have more charged oxygen vacancies. As indicated in Table
3, the adsorbed oxygen in 11SiW is lower than that in 6SiW, but
higher than that in 0SiW. Similarly, as shown in Fig. 4(b),
despite a lower sensitivity than 6SiW, the sensitivity of 11SiW is
higher than that in 0SiW. Therefore, it appears that only the
positively charged oxygen vacancies have the effect of increased
gas adsorption, leading to higher sensitivity.
4. Conclusions

Pristine and Si-doped WO3 lms were sputtered at RT from
metallic targets and then annealed in air at 500 °C to form the
oxide phase. The undoped lm had a monoclinic structure with
space group P21/n (no. 14), which gradually distorted with the
increasing concentration of Si doping to another monoclinic
phase of space group Pc (no. 7). The lms appeared dense in
SEM micrographs. However, TEM revealed that the lms con-
tained a high density of tiny pores with diameters of about
20 nm, which are ideal for gas sensing applications because of
the easy diffusion of gas. The isoprene sensitivity of the WO3

lms was greatly improved with Si doping and the lms con-
taining 6.3 at% Si showed the highest sensitivity of 7.7 for
5 ppm isoprene in air at a working temperature of 325 °C.
However, although the sensitivity was lowered to 6.9 at
a working temperature of 350 °C, the lms showed better gas
selectivity for isoprene over a range of reference gases,
including methanol, ethanol, acetone, CO and CO2. The
response and recovery times of the lms were very fast, less than
1.5 and 3.0 s, respectively. The measurements of temperature-
dependent resistance in a vacuum and in ambient air indi-
cated that Si doping led to a great increase in chemisorption of
oxygen at a temperature higher than 300 °C. The increased
13626 | RSC Adv., 2024, 14, 13618–13627
oxygen adsorption in the Si-doped lms was conrmed in XPS
and was correlated to the positively-charged oxygen vacancies in
the lms, which were increased by the aliovalent substitution of
Si4+ with W6+. The improvement in gas sensitivity for the Si-
doped lms was then explained by their better oxygen
absorbability.
Author contributions

P.-K. L.: investigation, data curation, preparation of graphics. Y.
Q.: investigation, data curation. X. Q.: conceptualization,
methodology, supervision, writing-original dra. L. H.:
conceptualization, reviewing.
Conflicts of interest

The authors declare that they have no known competing
nancial interests or personal relationships that could have
appeared to inuence the work reported in this paper.
Notes and references

1 S. Das and M. Pal, J. Electrochem. Soc., 2020, 167, 037562.
2 M. Kaloumenou, E. Skotadis, N. Lagopati, E. Efstathopoulos
and D. Tsoukalas, Sensors, 2022, 22, 1238.

3 N. Alkhouri, T. Singh, E. Alsabbagh, J. Guirguis, T. Chami,
I. Hanouneh, D. Grove, R. Lopez and R. Dweik, Clin.
Transl. Gastroenterol., 2015, 6, e112.

4 J. Dadamio, S. Van den Velde, W. Laleman, P. Van Hee,
W. Coucke, F. Nevens and M. Quirynen, J. Chromatogr. B:
Anal. Technol. Biomed. Life Sci., 2012, 905, 17–22.

5 A. Dey, Mater. Sci. Eng., B, 2018, 229, 206–217.
6 A. Gurlo and R. Riedel, Angew. Chem., Int. Ed., 2007, 46, 3826–
3848.
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