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Abstract

We have demonstrated a comparative study of NO, gas sensing behavior of reactive sputtered growth WO,_, nanocrystalline
thin films and its functionalization with Ag nanoparticles (Ag—WO;_,) on Si/SiO, substrates. X-ray diffraction and transmis-
sion electron microscope characterizations demonstrate the formation of polycrystalline monoclinic phase of porous WO;_,
thin film. X-ray photoelectron spectroscopy experiments reveal that W charge state has higher concentration compared
with that of W** and W>*. The Ag—WO,__ films exhibit a sensitivity of about 70% at 10 ppm, while WO5_, films show
12%, measured at 225 °C with same NO, gas concentration. The response and recovery time are 2 and 3 min. for Ag—WO;_,
films, while these for WO,_, films are 3 and 4 min., respectively. This work shows that nano-scale dendritic agglomeration
growth of Ag nanoparticles on WO,_, surface can increase active sites for NO, gas and play an important role in trace-level

gas sensing performance.
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1 Introduction

Nitrogen dioxide (NO,), mainly produced by the combus-
tion of fossil fuels and automobile exhaust, is one of the
most toxic air pollutants in the environments. The presence
of NO, gas in the ambient atmosphere greater than 3 ppm
(part per million) level concentration for a long span of time
causes many environmental and health-related problems like
acid rain, photochemical smog, air pollution, respiratory-
related diseases, and cardiovascular diseases and reduces
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vegetation growth and crop yield. As per U. S. environmen-
tal protection agency, only 53 ppb (part per billion) level of
NO, gas is considered to be as annual threshold limit. NO,
is one of the most widespread toxic gases in the atmosphere,
which is released from both indoor and outdoor activities.
It is, therefore, important to monitor the concentration of
this gas in the environment constantly in an economic way.
This leads to fabricate a NO, sensing device which can
work at atmospheric temperature continuously, i.e., without
any applied external heating for economically sustainable.
Therefore, superior gas sensing devices are essential for real-
time air quality monitoring at the trace-level concentrations
(ppb level) of NO,.

The trace-level detection of NO, with superior selectiv-
ity and their material synthesis process via a cost-effective
approach is still a major challenge. Recently, a lot of atten-
tion has been focused on metal-oxide (MOX) semiconduc-
tor nanostructure materials for various gas sensing perfor-
mances due to their importance as trace-level detection,
high sensitivity, fast response and recovery time, low energy
consumption, and ease of operation [1-3]. One of the requi-
sites for the superior sensitivity and selectivity for sensing
is active surface area available at the surface and/or surface-
interface morphology which affects the sensing performance
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[4]. Among many MOXs, semiconducting WO5 in differ-
ent microstructural forms have been widely reported due to
their superior and impressive characteristics, such as high
surface-to-volume ratio, low carrier recombination time, and
high chemical and thermal stability, which are the primary
requirements for a gas sensing material [5] Akiyama et al.
have shown that resistive type sensors using WO; are highly
sensitive to NO and NO, [6]. However, bulk WO, requires
high operating temperature and provides low selectivity,
which potentially hinders its application in efficient sens-
ing. To overcome these challenges and to improve the gas
sensing performance of WOj;, nanostructured WO; has been
utilized and various additional techniques have been dem-
onstrated like doping, hybridization, and functionalization
of WO; [7-9]. Functionalization with the noble metals is a
well-established strategy to improve the gas sensing per-
formance [10-14]. The relevant mechanisms for NO, gas
sensing performance due to noble metal functionalization
include better surface adsorption, electronic sensitization
effect of constructing a metal-semiconductor contact, chem-
ical sensitization effect, and the spillover effects. Typically,
noble metals for their catalytic activities can decrease the
absorption activation energies of gases on the surfaces of
metal oxides resulting to an enhanced adsorption and sens-
ing activities of MOX based sensors. The surface doping
of nanosize clusters of noble metals may also enhance the
active surface sites that facilitate the preferred adsorption
of target gases and thereby increase their concentration to
maximize the selectivity. Moreover, nanosize metallic clus-
ters offer reaction paths that can reduce the activation energy
and improve the reaction rate and, therefore, the selectivity,
sensitivity, and reliability of the sensor.

Nanostructured Ag has been utilized very often with WO,
to enhance its sensing characteristics. Chen et al. have dem-
onstrated that the structural synergy between Ag and WO; is
favorable for high-sensitivity NO, sensing [15]. Wang et al.
have investigated the enhanced NO, sensing performance
of Ag-loaded mesoporous WOj; synthesized in an ordered
structure using three-dimensional hard cubic mesoporous
silica (KIT-6) template. The authors demonstrated that
the improved sensing using Ag-loaded WOj; is depend-
ent on the molar ratio of Ag loading. However, synthesis
of mesoporous WOj; involves an additional procedure of
synthesis of hard template, which turns out to be compli-
cated process [16]. Jaroenapibal et al. have demonstrated the
improvement of NO, sensing performance of electrospun
WO; nanofibers matrices with Ag doping [14]. The authors
have demonstrated that the highest gas response in doped
WOj; nanofibers can be achieved at a specific Ag-doping
level [16]. In spite of commendable NO, gas sensitivity and
selectivity, sample preparation comprises three consecutive
steps, viz., electrospinning, hot pressing, and calcination,
which complicates the sensor fabrication [14]. Besides, a
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controlled decoration of Ag nanostructures on the surface of
the sensing material is not possible in in sifu chemical syn-
thesis, because, in that case, a major portion of the added Ag
is incorporated to the bulk of the material compromising its
availability on semiconductor surface. Therefore, there is a
necessity for advanced process to have controlled decoration
of Ag nanostructures only on the MOX surface.

We have reported the effect of Ag nanoparticles on gas
sensing mechanism toward NO, gas of WO,_, nanocrys-
talline thin films prepared by reactive sputtering process
followed by a precision coating technique to prepare Ag-
functionalized surface. In the relevant literature, only a very
limited work has been reported on the effect of novel metal
decorated on metal-oxide nanostructure films for NO, gas
detection using sputtering techniques. It was observed that
there is an enhancement in the sensitivity of the gas sensor
after decoration with Ag nanoparticles compared to the bare
nanostructure films. The response and recovery time are also
improved significantly in the Ag-decorated WO;_, films at
sufficiently low working temperature (225 °C).

2 Experimental details

The WO; thin films were prepared on Si/SiO, substrate by
DC reactive magnetron sputtering using mixed gases of
argon and oxygen (9:1) followed by an in situ post anneal-
ing in oxygen environment (25 sccm) at 700 °C for 2 h in the
growth chamber. Prior to loading into the growth chamber,
the substrates were cleaned step-by-step with trichloroeth-
ylene, acetone, and isopropyl alcohol, respectively, and then
dried with nitrogen gas. Further cleaning was done by degas-
sing the substrates at 550 °C for 3—4 h inside the growth
chamber. A high purity 2" metallic W (99.99%) was used as
the target material for the growth process. The growth cham-
ber with a base vacuum of ~4.0 x 10~° mbar was achieved
using a turbo molecular pumping system. Substrate tempera-
tures were kept at 500 °C and applied DC power was fixed
at 40 W for the growth process. The growth of the films was
continued for 50 min and the thickness was estimated to
be ~350 nm. After deposition, the films were functionalized
with Ag nanoparticles using argon ion-beam sputter coating
system (Gatan Precision etching and coating system (PECS),
GATAN Inc. USA) in a base vacuum of ~ 10~ mbar. During
the growth, we kept equal current flow of ~444 pA from the
two argon ion guns and the incident argon ion-beam power
was set at 9 kV. The silver growth was done for 7 s at a
deposition rate of ~3 A/sec and the thickness was estimated
to be~2 nm. A post-deposition heat treatment was per-
formed in an external tubular furnace at 500 °C for 30 min
at 80 sccm argon flow to decorate Ag nanoparticles on WO,
surface.
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X-ray diffraction (XRD) patterns of WO; and Ag—WO,_,
samples were acquired using a X-ray diffractometer with
Cu K, radiation (1=1.5418 A) in the 26 range of 20~70°
at a scanning rate of 0.05° s~'. A transmission electron
microscope (TEM) (Model no. Tecnai G? 30 Super Twin)
equipped with a charge couple device (CCD) camera from
Gatan, Inc. USA, operating at 300 kV (FEI, The Nether-
lands), was used for TEM imaging. Cross-section TEM
specimens were prepared by sandwiching two pieces of
2.5 mm X 10 mm-sized film-coated substrates with films
face-to-face and mounted inside a 3 mm-diameter stainless
steel tube with Gatan G1 epoxy and subsequently sectioning
by Buehler precision diamond saw to obtain 3 mm-diameter,
0.25 mm-thick disc specimens of sectioned film-substrate
sandwich. The sectioned discs were grinded down to 100
pum thickness, dimpled grinded to 20 um thickness at disc
center, and finally, argon ion-beam polishing was applied
to obtain electron transparency of the film-substrate cross-
section for TEM observation. The surface morphology and
grain sizes were investigated using Field Emission scanning
electron microscopy (FESEM) with energy-dispersive X-ray
spectroscopy (EDX) (Sigma Carl Zeiss). Raman measure-
ments were performed using a micro-Raman spectrometer
(LabRAM HR, Jobin Yvon) equipped with an argon ion laser
(488 nm) and a Peltier cooled CCD detector. The chemical
composition and electronic structure of the as-prepared films
were studied by X-ray photoelectron spectroscopy (XPS)
(PHI 5000 Versa Probe II) with an incident Al Ko X-ray of
energy 1486.6 eV. The binding energy for all measurements
was calibrated by measuring C 1 s core-level spectra located
at 286.7 eV. Total energy resolution was about 400 meV
for monochromatic Al K, excitation with pass energy of
11.750 eV.

The gas sensing measurements were performed by
fabricating a suitable device with the prepared WO;_,
and Ag—WO,, films of substrate size approximately
5 mm x5 mm. A shadow mask was used to make the inter-
digitated electrical contacts on the films, where 10 nm Ti
upon which 90 nm Au was deposited using ion-beam sput-
ter coating to make the contact pads. A home-built test set-
up was used to perform the gas sensing measurements. A
Keithley source meter unit (2410) integrated with LabVIEW
data acquisition software was utilized to measure the change
in resistance upon exposure of the target gas at a constant
bias voltage across the electrodes fabricated on the films sur-
face. The electrical contacts on thin films were established
using high-quality silver paint for the current—voltage (I-V)
measurements. A linear I-V characteristic was obtained
indicating a good ohmic nature of the fabricated electrical
contacts. Calibrated NO, gas was used to investigate the gas
sensing performances of WO;_, and Ag—WO,_, thin film
sensors. The data of fabricated gas sensors were recorded at
different operating temperatures (100-225 °C) and various

gas concentrations (0.5-20 ppm) to test the sensitivity of
the sensors.

3 Results and discussion
3.1 Characterizations of the films

Figure 1 shows the XRD data of WO;_, and Ag—WO,_,
films taken at room temperature. All the sharp, intense XRD
peaks of the films were identified using JCPDS no. 01-089-
4476, suggesting the formation of a non-stoichiometric
WO, ¢4, monoclinic phase. A strong (002) peak observed at
23.1° is the characteristic feature of highly oriented crystal-
line films. However, no peaks corresponding to Ag were
observed in the diffraction pattern possibly due to its very
small layer thickness (~5 nm). The lattice parameters of
the monoclinic WO, g, phase are found to be a=5.620 A,
b=17.523 A, c=7.693 A, a=y=90°, and f=99.41° from
their refinement using Full Prof software and are found to be
comparable with standard JCPDS data. The average crystal
size of WO, g, has been determined using the well-known
Scherrer relation [17]

__ _Ki
fcosd’ 1)

where 7 is crystallite size, K is shape factor (i.e., 0.9), 0 is
Bragg’s angle in degrees, f is full width at half maximum
value of intensity (FWHM), and 4 is the X-ray wavelength.
The observed average crystallite size for (002) oriented
peak remains same for both the samples and estimated to
be about~5 nm.

Figure 2a and b displays the FESEM images of WO;_,
and Ag—WO,_,, respectively. The images show the
nanostructure morphology with closed packed agglom-
erated grains of different orientations of average size
around ~ 64 nm in diameter for bare films. While a finer
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Fig. 1 Room-temperature X-ray diffraction measurements of mono-
clinic WO;_, (top) and Ag—WO;_, films (bottom) are shown
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Fig.2 FESEM images of a nanostructured WO;_, and b Ag—WO,_, thin films deposited on Si/SiO, substrates; ¢ and d EDX signals of the

respective samples

average grains of size about 35 nm was obtained with a
higher number of grain boundaries for silver loaded film.
The Ag nanoparticles are merely visible on the micro-
graphs. Figure 2c and d presents the EDX measurements
showing the presence of W, O, and Ag in the films. The
finer details of film microstructures and crystallinity were
investigated using transmission electron microscopy
(TEM). Cross-sectional sample specimens were prepared
for these investigations. The bright-field image of the film
cross-section shows the growth of WO,;_, upon the amor-
phous SiO, layer of the substrate and the WO,_, film thick-
ness of about~350 nm is observed in Fig. 3a. The image
has also revealed the formation of fine nano-porosity along
the grain boundaries as well as fine spherical nano-pores
within the nanocrystals. The characteristic selected area
electron diffraction (SAED) pattern obtained from the
film is shown in Fig. 3b, which displays the diffraction
rings, confirming the formation of polycrystalline nature
of the WO,_, monoclinic phase. The d-spacing values
corresponding to the rings were calculated from the dif-
fraction pattern and indexed using reference XRD data.
The HRTEM image in Fig. 3c shows lattice fringes of
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two adjacent but differently oriented WO,_, nanocrystals
grown on the amorphous SiO, substrate. The observed
lattice fringes in HRTEM images are indexed by their
respective d values. The lattice fringes with a separa-
tion of 0.38 nm are observed indicating (002) planes,
while 0.31 nm are observed for (—112) planes of WO;_,
nanocrystals. Both the bright-field and HRTEM images
show good adherence of the WO; film with the SiO, sub-
strate layer. The bright-field TEM image of cross-section
view of the WO,_, film functionalized with Ag nanopar-
ticles is shown in Fig. 4. The Ag nanoparticles are mostly
spherical in shape and are about 5-8 nm in size range
adhering to the WO,_, surface as presented in Fig. 4b.
The HRTEM investigations were carried out to view the
crystallinity of the Ag nanoparticles present in the film.
The crystal planes of Ag and WO, film are observed in the
HRTEM image as presented in Fig. 4c. The image shows a
clear lattice fringes with a separation of 0.23 nm for (111)
planes of Ag nanoparticles as marked in the figure. The
SAED pattern reveals the polycrystalline nature of the Ag
nanoparticles’ formations. The surface functionalized with
Ag nanoparticles has more grain boundaries compared to
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(a)

Fig.3 a Cross-sectional bright-field TEM image showing the thick-
ness of the WO;_, film of around 350 nm. b SAED patterns of dif-
ferent crystallographic planes. ¢ High-resolution (002) and (-112)

the bare films and it has more surfaces to volume ratio,
which gives us additional active sites for oxygen ions on
the surface of the films, and thereby significantly improv-
ing its sensing performance.

The Raman spectroscopy provides very useful infor-
mation about the WO; films. Figure 5a shows the Raman
spectra of WO;_, and Ag—WO,__ films taken in the same
experimental conditions. The spectra exhibit four promi-
nent peaks at 270, 303, 710, and 808 cm™! derived from the
lattice vibrations of the Raman characteristic peaks of the
films. A detailed discussion on these Raman peaks can be
found elsewhere [18]. As one can see from the figure, the
intensities of the peaks obtained from Ag—WO;_, film are
less compared with those exhibited by the bare film. The
intensity variations observed in the Raman characteristic
peaks could be due to the presence of Ag nanoparticles. To
investigate the effect of Ag nanoparticles in WO;_, film,
we have fitted the region from 550 to 900 cm™~! by Gauss-
ian function for a comparison. The fitted spectra of bare
and Ag—WO;_, films are shown in Fig. 5b, c, respectively.
There are five vibrational modes in the above region. The
positions and full widths at half maximum (FWHMs) of the
five peaks are given in the caption of Fig. 5. The peaks do
not show any substantial shifts in positions as well as in the
FWHMs as we go from bare to Ag nanoparticles loaded film.

Epoxy

orientation planes with corresponding interplanar distance of ~0.38
and~0.31 nm, respectively

This indicates that no bond formation has taken place at the
interface between WO;_, and Ag nanoparticles.

The detailed XPS analysis has been carried out to deter-
mine the surface chemical compositions and oxidation states
of the grown films. Figure 6a displays the XPS survey spec-
tra of both the films. All the elements present in the films
are marked in the figure in addition with adventitious carbon
contaminations. Figure 6b, e shows the W 4f doublet peaks
of main spin-orbital components obtained from WO;_, and
Ag-loaded films centered at 35.2 (W 4f,,,) and 37.4 eV (W
4f;,,), respectively, which are from W—0 bonds of W5 oxi-
dation states. The main oxidation states is Wo* charge states,
although small amount of W3 and W** charge states are
visible in both the films. In addition to that, a prominent W
5psj, located at~41.1 eV was also observed. To estimate
the relative percentage of three oxidation states, we have
carefully fitted the W 4f spectra using y” iterative program,
keeping spin—orbit splitting and widths same for two sam-
ples. The details results obtained from fitting are shown in
Table 1. The relative percentage of W**, W>*, and W6+
charge states are calculated to be around 10.2, 17.5, and
72.2% for WO,_, and 7.9, 21.8, and 70.3% for Ag—WO;_,
film, respectively. Figure 6¢c, f show the O 1 s core-level
spectra deconvoluted with two features for both WO;_, and
Ag-loaded films, respectively. The main peak in O 1 s core
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Fig.4 a Cross-sectional bright-field TEM image of Ag nanoparticles Bragg planes taken from both WO;_, film and Ag nanoparticles
loaded WO,_, film. b Zoomed region showing the Ag nanoparticles which are oriented along (-112) and (001) with 0.31 and 0.23 nm
are distributed over the WO;_, nanocrystals film. ¢ High-resolution interplanar distances. d Inset of a shows the SAED image of the film
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Fig.6 a Survey spectra taken from WO;_, (black line) and Ag—
WO,_, (red line) films. All the characteristics elements are present in
both the films; b and ¢ W 4f and O 1 s core-level XPS spectra (open
circles) taken from WO,_, films, respectively. Fitted spectra (solid
red line) and different components used to fit each core-level spectra

Table 1 Fitting parameters for the W 4f core-level spectra

are also shown. The different charge states W**, W>*, and W%* are
shown with violet, blue, and green lines, respectively. d—{f Ag 3d, W
4f, and O 1 s core-level spectra taken from Ag—WO;_, film, respec-
tively. Small amount of Ag* charge state (blue) was formed along
with Ag nanoparticles (green)

Samples W 4f

W 4t , (W 4f5),)

W4+ (W4+) w 5+ W 5+) w 6+ W 6+)

Position FWHM (eV) Normalized Position FWHM (eV) Normalized Position FWHM (eV) Normalized

V) area V) area V) area
WO,_, 31.6(33.8) 1.14(1.14) 6.3 (3.9 33.2(35.5) 140(1.40) 10.3(7.2) 352 (374) 1.63(1.63) 39.9(32.3)
Ag—-WO,_, 32.1(34.3) 1.26(1.26) 4.4(3.5) 33.7(35.9) 1.53(1.53) 12.1(9.7) 35.7(37.9) 1.65(1.65) 39.1(31.2)

The binding energy positions, FWHMs, and normalized area of W**, W>*, and W% species are listed. The normalized peak area of W+, W3+,
and WO+ specieswere found to be 10.2, 17.5, and 72.2% for WO;_, and 7.9, 21.8, and 70.3% for Ag—WO;_, film, respectively. We have used an
integral background, which was kept identical for both the samples. Uncertainty in determining the binding energy position and FWHM is found
to be+0.1 eV. Uncertainty in determining different oxidation states is found to be +5%

level in the lower binding energy side is mainly due to the
lattice oxygen (O ) present in the stoichiometric WO,, while
shoulder feature at the higher binding energy is due to the
oxygen vacancies (Oy) present in the sub-stoichiometric
tungsten oxides (WO;_,). The relative percentage of oxy-
gen vacancy is found to be around 19.2% and 21.1% for
bare and silver-loaded films, respectively. By calculating the
area under the curves of W 4f and O; peaks and normal-
ized by the relative atomic sensitivity factors and analyser
transmission functions, the estimated atomic ratios of W to

O are found to be around 1:2.82 for both the samples. Fig-
ure 6d shows the Ag 3ds,, and Ag 3d5,, spin—orbit doublet
peaks centered at ~ 368.0 and ~ 374.0 eV, respectively, for
silver-loaded sample. A closer view of the Ag 3d spectrum
shows that silver has two charge states (i) a pair of main
peak corresponds to the Ag® and (ii) another pair of shoulder
in the higher binding energy side corresponds to the Ag*
states. For a quantitative estimate of the relative percentage
of Ag* states, we have fitted the spectrum with two pairs of
Ag 3d spin—orbit peaks. The deconvoluted spectra show the
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characteristic doublet peaks of Ag” components at ~ 368.0
and ~ 374.0 eV for Ag 3d;,, and Ag 3d,,,, respectively. The
shoulder doublet peaks of Ag™ components are present at
368.3 and 374.3 eV, respectively. The relative percentage of
Ag* components is estimated to be around 26.7% for silver-
loaded sample.

The W 4f peaks of silver-loaded film shifted to higher
binding energies by ~0.5 eV with respect to the correspond-
ing peaks in bare film. Similarly, the O 1 s peaks of silver-
loaded film were located at~530.6 and 532.1 eV, associated
with O; and O, respectively, which are also~0.5 eV higher
than the corresponding peaks of the bare film. A comparison
with XPS spectra of silver loaded and bare film shows the
presence of the same amount of chemical shift of ~0.5 eV
to higher binding energies in W 4f and O 1 s spectra in the
silver loaded sample. However, we do not observe any peak
broadening and line-shape changes in the corresponding
spectra between the two samples. It turns out that a charge
transfer contribution between Ag and WO;_, (O 1 s and W
4f orbitals) in the Ag-loaded sample is the leading contri-
bution to the observed chemical shift. The electron transfer
help us to reduce the interfacial barrier height between Ag
nanoparticles and WO;_, junctions, leading to increasing the
electron conduction channel.

3.2 Gas sensing performances of WO;_, and Ag—
WO,_, films

Figure 7 demonstrates the NO, sensing properties of the
fabricated sensors recorded at 225 °C. The sensing meas-
urements were performed at different operating tempera-
tures limited to 225 °C and at various gas concentrations.
Due to the technical limitations of our heater, placed
below the samples, the temperature cannot reach beyond
225 °C. All the measurements were performed once the
resistance across the electrodes was stabilized at a fixed
operating temperature in air, and then, sufficient time was
given before introduction of the calibrated NO, gas into
the chamber. The quality and statistics of our data taken at
operating temperature below 225 °C were not considerably

good and thus not shown here. The gas sensing response is
related to the changes in electrical resistance of the device
before and after the target gas is introduced into the cham-
ber. The increase and/or decrease in resistance during the
interaction of the target gas and the sensing material is
the measure of the sensitivity of the device. The sensing
response is a key parameter to establish the efficiency of
the sensing performance, which is defined by the follow-
ing formula:

Sensing response(%) = 100, 2)

| Ra —Rg |
Ra %
where R, and R, are the resistances of the gas sensors before
and after the exposure the NO, gas at a fixed operating tem-
perature. The as-prepared WO;_, when exposed to NO,
gas shows noticeable increase in resistance even at 1 ppm
concentration. The sensing response becomes more promi-
nent with increasing NO, concentration and demonstrates a
sensing response of 12% recorded at 10 ppm concentration.
Interestingly, the Ag-loaded WO;_, films exhibit distin-
guishable response of 8.4% at 0.5 ppm NO, concentration at
similar temperature of 225 °C. Moreover, Ag-loaded WO;_,
demonstrated NO, sensing response of more than 70% at
10 ppm concentration. Incorporation of Ag into the films has
been found to enhance the sensing performance appreciably.
The sub-ppm level NO, gas detection was achieved with the
help of Ag nanoparticles decorated on the WO;_, films. The
operating temperature was varied from 100 to 225 °C, and
it was observed that the highest sensing response achieved
at 225 °C for both WO;_, and Ag-loaded WO,_, sensors.
Although the resistance of Ag-loaded WO;_, samples is
higher compared to that of the bare films due to smaller
grains and larger grain boundaries in the former case. The
change in resistance upon NO, gas exposure in Ag—WO;_,
films is increased due to the catalytic effect of Ag nanopar-
ticles. The silver loaded film exhibits a better response and
recovery behavior compared with that of the bare sensor.
The response and recovery time have been estimated to be
2 and 3 min for Ag-loaded film, while bare film shows 3

Fig.7 a, b Sensing perfor- 20 b) 80
mance from both the films @ (’_\) 70 [ 225°C OFF — 10 ppm
taken at 225 °C temperature. <2 2 ol
Pink, red, and blue line curves 5;; : g
denote sensing response at 1, 5, o [ § 50 |-
and 10 ppm NO, gas concen- S10f @ a0
trations, respectively. WO, _, £ [ -
shows ~ 12% sensitivity, while o | £
Ag—WO;_, shows ~70% sen- % 5 N % 20
sitivity (blue line) with 10 ppm & I @ 10}
NO, gas concentration @ ol ol
L L 1 1 1 1 1 1 1
0 100 200 300 400 500 600 0 200 400 600 800 1000 1200
Time (s) Time (s)
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Table 2 Comparison of the

NO, gas sensing performance Sensing materials Synthesis process Cpncentra— Sensor Top (°C)  References

of 02ur sensor and other reported tion (ppm) E(ey:)p onse

sensors based on WO,
Pt doped WO, Hydrothermal 5 81.6 150 [11]
Pt—WO; Hydrothermal 200 13.6 125 [19]
WO; nanofibres Electrospinning 3 101.3 90 [20]
Au—WO;, Precipitation and impregnation 5 836.6 250 [21]
Au-WO; Electrospinning 1 343 175 [22]
WS,-WO;, Exfoliation and sonication 5 16.7 25 [23]
La,0;—WO; Flame spray pyrolysis 5 7213.6 150 [24]
WOj3nanosheets Dip coating 5 15.5 210 [25]
WO, DC magnetron sputtering 0.5 80 180 [26]
Carbon dots—WO;  Solvothermal 0.2 1.1 18 [27]
‘WO,/Si nanobelts Chemical etching 5 3.6 25 [28]
Ag—WO, Reactive magnetron sputtering 0.5 8.4 225 This work

and 4 min, respectively. The NO, gas sensing performance
of our sensors is compared with the best-reported values of
the other sensors and are summarized in Table 2. Our fabri-
cated sensor exhibits good sensing characteristic in terms of
its sub-ppm level sensitivity and low detection limit, which
would open up the opportunity for exploring the potential
application of this materials.

In general, the resistance measured across a semicon-
ducting metal-oxide (SMO)-based chemiresistive sensor is
mainly governed by three contributions. These are (i) the
electrical resistance offered by the bulk of the individual
grain to electron flow, which decreases with increasing
temperature, (ii) the electrical resistance across the grain
boundaries of the material, which again decreases with
increasing temperature, and (iii) the electrical resistance
offered by the surface region of the material covering
grains and grain boundaries [4, 29, 30]. The last term
depends on the interaction of the SMO material surface
with the oxidizing or reducing gases present in the envi-
ronment, and dominates over the other two terms in the

temperature range of operation. This oxidation or reduc-
tion reaction occurring over the surface of the sensing
material is governed by the thermally activated process,
and thus increases with increasing temperature. However,
the adsorption of the gas molecules on the surface of the
sensing material decreases with increasing temperature
due to the higher kinetic energy imparted to the gas mole-
cule, and thus, the effective chemical reaction significantly
reduces [5, 31]. Experiment performed at the operating
temperature of 225 °C clearly established the fact that
the adsorption of NO, gas on WO;_, surface is heavily
increased, and thus, the sensitivity of the semiconductor
films increase. With the presence of silver nanoparticles
on the surface, the sensitivity further increases as evident
from Fig. 7 under exactly the same operating temperature.
Figure 8 shows the gas sensors stability and repeatability
taken at 225 °C. The devices display no sign of degrada-
tion or drift from its original value even after 5-6 days of
operation.

Fig.8 a, b Stability behavior (a)
of the sensor of WO;_, with 225°C
20 ppm and Ag—WO;_, with __20f
5 ppm NO, gas at 225 °C, X |
respectively ~
B 151
c
s
@
® 1or
X |
D
£ 5
7]
[ - |
()]
w 9 1 ,
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(b)
20 ppm —~ 60
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1m day g 40
—— 5" day o
% 30
(' |
S 20
2 |
3 10
N |
1 . 0 b= 1 . 1 N 1 N
600 800 0 200 400 600 800

Time (s)

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



866 Page100f13

M. Hossain et al.

3.3 Gas sensing mechanism of WO,_, and Ag-WO,_,
films

Various factors, such as the nature of the target gas (reduc-
ing or oxidizing), the sensing material types (p-type or
n-type), temperature etc, determine the increase or decrease
in the device resistance and thus the sensitivity of the
devices. When the sensing material is n-type and the target
gas is oxidizing in nature, the device resistance increases
upon interaction with the target gas [5, 32, 33]. It decreases
when the material is n-type and the target gas is reducing in
nature [2, 19, 34]. In addition, the changes in device resist-
ance depends upon the temperature at which the device
is working. Usually, the metal-oxide semiconductor sen-
sor works at high temperature which generates more free
carriers, and thereby the surface state of adsorbed oxygen
changes. This intensifies the interaction between the target
gas and the material, and thus improving the overall sensing
performance of the device [3, 35, 36]. At room temperature,
the physical or chemical process involved in sensing mecha-
nism of a metal-oxide semiconductor gas sensor does not
execute enough changes in resistance with respect to the
target gas.

WO;_, is an n-type semiconductor material due to the
presence of free electrons generated from surface oxygen
vacancies as demonstrated in our XPS studies [6, 37]. When
as-prepared WO;_, is exposed to ambient air, oxygen mol-
ecules in air interact with WO,_, surface and are chem-
isorbed. This oxygen chemisorption mechanism depends
heavily on sensor temperature as the sensor operating tem-
perature decides the chemisorbed species of oxygen. These
chemisorbed oxygens collect free electrons from WO;_,
surface itself, and thereby depleting the surface from elec-
trons [7][20, 38]. Therefore, an electron depletion region
is formed at the sensor surface, which increases its resist-
ance in air. Any increase in temperature will vary the sensor
resistance as thermally generated electrons will contribute to
its conductivity as well as the chemisorption—desorption rate
will be impacted with increasing temperature [8]. Since NO,
molecules exhibit stronger electron affinity energy (220 kJ/
mol) than O, (20 kJ/mol), they are also chemisorbed on
WO;_, surface. Upon chemisorption, NO, interacts with
chemisorbed oxygen and captures their electrons causing
more electron depletion from WO;_, surface. This causes
the sensor resistance to increase. This increase in resistance
maintains a power-law relation with the density of supplied
gas [9, 21]. In this study, a large change in resistance was
observed at the operating temperature of 225 °C.

The experimental data demonstrated that the sensing
response of the device increased after Ag incorporation, i.e.,
under similar NO, concentration, Ag—WO;_, sensors exhibit
higher increment in resistance. This enhancement in sens-
ing performance is attributed to the catalytic effect of Ag

@ Springer

nanoparticles and chemical sensitization of the WO;_, nano-
structures. A schematic of the sensing mechanism of WO;_,
and Ag—WO,_, nanocrystalline thin films is demonstrated in
Fig. 9. Due to the catalytic contribution of Ag nanoparticles,
the number of surface adsorption sites are greatly enhanced
which improves the electron-capture interaction from WO;_,
surface, and thereby causing more electron depletion and
increase in sensor resistance. The catalytic activity of Ag
nanoparticles also reduces the activation energy of electron-
transfer reaction between chemisorbed NO, and WO,_,,
which eventually facilitates the formation of thicker elec-
tron depletion layer. Apart from increasing the number of
chemisorbed oxygen molecules, Ag nanoparticles can also
accelerate the diffusion and mobilization of the chemisorbed
oxygen species onto the WO,_, surface sites and capture
free electrons from WO;_, conduction band by conversion
of gas molecules into (ions). This enhances the tendency
of adsorbed oxygen species and generates more effective
active adsorption sites which in turn strengthens the diffu-
sion of NO, and their conversion to NO,™ on WO,_, surface.
Therefore, Ag nanoparticles catalyze the ionization process
of the target gas molecules. Collectively, Ag nanoparticles
favor the following interactions through its catalytic activity
to improve WOj;_, sensing performance:

(i) Reduction in electron-capture activation energy
(i1)) Increasing the chemisorbed oxygen molecules
(iii) Enhancing the chemisorption of oxidizing gas on
WO,_, /Ag surface.
(iv) Acceleration of diffusion of oxygen molecules and
NO, molecules on WO,_, surface.

Additionally, Ag nanoparticles can amplify the sensor
response through chemical sensitization and spillover effect.
XPS analysis of O 1 s spectra in WO;_, and Ag—WO;_,
samples demonstrate an enhancement in surface oxygen
vacancies in Ag-loaded samples. These oxygen vacancies
influence the transfer of electrons to the adsorbed NO, mol-
ecules that enhances the sensor response upon Ag loading.
Furthermore, XPS analysis of Ag 3d spectra reveals the pres-
ence of a thin layer of Ag,0 on Ag nanoparticle surface.
This Ag,0 layer can potentially improve the sensor response
through enhanced chemical sensitization and spillover mech-
anism. When NO, gas molecules are adsorbed on Ag nano-
particles, they can collect oxygen ions from Ag,0O reduc-
ing it to Ag” nanoparticles and are excited to NO;™. The
excited NO;™ species are transferred to WO;_, surface where
it extracts more electrons from WO,_, surface. Therefore,
more electrons are depleted from sensor surface, and thereby
reducing the conduction channel volume. This additional
electron depletion from sensor surface causes an improved
sensor performance by increasing its resistance. Reduction
of the conduction channel volume have been proposed in
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Fig.9 (i) Chemisorption of O *
molecules from the air or any (I)

oxidizing gas. The adsorbed O

molecules capture free electron o
from the surface and becomes

O™. (ii) Adsorption of NO, and

spillover effect which turns into

NO and NO;™ enhancing the R
electron depletion region and
thereby the sensitivity of the
devices. (iii) Interaction of NO,
gas with the thin Ag,0 layer
formed on the surface of the
Ag—WO,_, film. The spillover
effect enhances the electron
depletion region by forming
Ag* on the surface and increase
the electrical resistance causing
an increase in the sensitivity [

WO,
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NO, sensing by noble metal decorated WO; [22, 39, 40].
The observed chemisorption, sensitization, and desorption
mechanism behind NO, sensing can be summarized in the
following three equations:

NO,(g) + e~ = NOj (ads) 3)
NO,(g) + e~ = NO(g) + O~ (ads) 4)
NO,(g) + Ag,0 + e = NOj(ads) + Ag. 5)

It is to be noted that the sensing characteristics of
WO,_, and Ag-loaded WO,_, exhibit dissimilar shapes

as demonstrated in Fig. 7. For WO;_, sensors, the sensing
response increases rapidly before reaching a steady-state
value and it is continued until the supply of NO, gas is ter-
minated. Thus, a flat steady-state condition is achieved in
the presence of the gas. However, the steady-state behav-
ior is significantly modified in case of Ag-loaded WO;_,
samples. The response increases rapidly with introduc-
ing the gas and reaches the steady-state condition, and
then, it gradually decreases even before terminating the
gas supply. There is a noticeable decrease in sensing
response before the gas supply is turned off. This reduc-
tion in sensing response may occur due to the reduction
in NO, adsorption on WO,_, surface and the presence of
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Ag nanoparticles. Since the Ag-loaded WO,_, has much
smaller grain sizes and more number of grain boundaries,
the amount of trapped NO, molecules at the grain bound-
aries after NO, exposure becomes considerably larger.
Furthermore, these trapped NO, molecules may prevent
further adsorption of active NO,, and thereby reducing the
response properties. Besides, at this operating tempera-
ture, the Ag® nanoparticles may contribute electrons to
the conduction band of WO,_, and change to the oxidation
state of Ag™, consistent with the XPS results. The donated
electron can effectively reduce the depletion region, and
thereby enhancing the channel conductivity.

4 Conclusion

We have demonstrated the synthesis of WO,_, nanocrys-
talline thin films functionalized with Ag nanoparticles
prepared by reactive ion magnetron sputtering process to
achieve highly sensitive and selective NO, gas sensing
performance. The films are characterized to be nanocrys-
talline in nature with spherical granular surface morphol-
ogy. Surface electronic structure examined by X-ray pho-
toelectron spectroscopy revealed the presence of an Ag,0
ultrathin layer on Ag nanoparticles, which enhances the
chemical sensitization effect through spillover mechanism.
Upon exposure to NO, gas of 10 ppm concentration, a
maximum response of about 12 and 70% were observed
for bare and silver-loaded WO,_, films at 225 °C, respec-
tively. A faster response and recovery time were recorded
for silver-loaded films compared to that of the bare films.
The results demonstrate the enhanced capability of sensing
properties of Ag-loaded WO;_, compared to bare WO;_,
nanocrystalline films prepared by PVD techniques for
ultrasensitive NO, gas sensing applications.
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