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Selectively arranged single-wire based nanosensor
array systems for gas monitoring+

O. Chmela, 2® J. Sadilek,? G. Doménech-Gil, <9 J. Sama,“¢ J. Somer,®®
R. Mohan, A. Romano-Rodriguez, ¢ J. Hubalek 2P and S. Vallejos (& **©

Gas nanosensors, comprised of arrays of nanoelectrodes with finger-widths of ~100 nm developed by
electron beam lithography and aerosol assisted chemical vapor deposited non-functionalized and Pt-
functionalized tungsten oxide nanowires (<100 nm) subsequently integrated across the pairs of electrodes
via the dielectrophoresis method, are developed in this work. The functionality of these devices is vali-
dated towards various concentrations of NO, and C,HsOH. The results demonstrate reproducible and
consistent responses with better sensitivity and partial selectivity for the non-functionalized systems to
NO,, as opposed to the Pt-functionalized systems, which display better sensing properties towards
C,HsOH with a loss of response to NO,. These results are explained on the basis of the additional chemi-
cal and electronic interactions at the Pt/tungsten oxide interface, which increase the pre-adsorption of
oxygen species and make the functionalized surface rather more sensitive to C,HsOH than to NO,, in

rsc.li/nanoscale

Introduction

One-dimensional (1D) metal oxide (MOX) nanostructures in
the form of nanowires (NWs), nanotubes, nanorods or nano-
belts have demonstrated to play a significant role in the func-
tional properties of different components (e.g., solar cells,
supercapacitors, smart windows, photodetectors, biosensors,
and gas sensors),"> improving typically their performance, as
opposed to bulk MOXs. The high aspect ratios of 1D nano-
structures, with nanometric widths or diameters (between 1
and 100 nm) and micrometric lengths that allow for their con-
nection with the macroscopic world, make these structures
attractive for device miniaturization enabling low power con-
sumption, as demonstrated previously in single-NW-based
devices, including gas sensors.*

1D MOX nanostructures are attractive for gas sensors
because they have been proven to enhance the functionality of
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contrast to the non-functionalized surface.

these devices, providing better sensitivity, stability, and to
some extent better selectivity not only due to their higher
surface area to volume ratio, as opposed to bulk materials, but
also due to the presence of specific crystal facets that provide a
particular electronic structure to the surface.>® Further
enhancements on the gas sensing properties of MOXs have
also been achieved by the functionalization (or surface modifi-
cation) of the MOX with second-phase materials (particularly
noble metal nanoparticles (NPs) with sizes less than 10 nm),”
providing chemical sensitization via the promotion of gas-
solid interactions with spillover of active species from the
second-phase material to the MOX surface and/or electronic
sensitization of the MOX via the regulation of the charge
carrier concentration at the interface of the MOX and the
second-phase material.®

Gas sensors based on functionalized 1D MOX nano-
structures (e.g., tungsten oxide NWs functionalized with Pt
NPs) have been used previously for monitoring various toxic
and hazardous gases. In particular, tungsten oxide has
attracted much attention due to its sensitivity to nitrogen
oxides or ozone,”'° whereas functionalized structures with dis-
persed Pt NPs have demonstrated better sensitivity to hydro-
gen, ethanol and toluene.>*"" Tungsten oxide has been syn-
thesized previously in a variety of forms (particles, wires, rods,
etc.) using wet- or vapor-chemical routes, and recently we have
achieved the formation of tungsten oxide NWs and their
functionalization with Pt NPs in a single-step process via a
vapor-solid (VS) mechanism enabled by the Aerosol-Assisted
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Chemical Vapor Deposition (AACVD) of tungsten hexacarbonyl
[W(CO)e] and an inorganic platinum precursor (H,PtClg-xH,0).?

Previous studies demonstrated that gas sensors based on a
single (or few) -wire structures connected in parallel are the
ideal architecture to achieve a well-defined conduction
channel that is easy to modulate by external stimuli (e.g,
gaseous molecules) and with better gas detection efficiency
compared to bulk materials or multiple wire systems. This
improved efficiency, in single-wire systems, is attributed to the
lack of grain boundaries and thus more efficient transfer of
charge with a lower probability of recombination.>'*"?
Nevertheless, current gas sensor devices based on wires still
depend on the wire-wire interfaces, despite the loss of
efficiency that this architecture introduces, due to the relatively
easier technological steps to integrate multiple-wire based
films into devices, as opposed to single-wires.”> Focus ion
beam (FIB) has demonstrated to be a useful tool to connect
and fabricate single-wire devices, particularly in academic
research, however, this technique restricts the scalability of the
process and increase the cost and time of fabrication."*"> In
contrast, the dielectrophoresis (DEP) method has become an
attractive and robust manufacturing technique for positioning
wires across contacts, often in microscale systems with
single'® or multiple wires (e.g., in interdigitated electrodes),"”
however, its use on nanoscale systems and in particular on
arrays for gas sensing (without the need for a contact step with
FIB) is still rarely found in the literature.

In this context, recently, we have advanced on the develop-
ment of nanoelectrode array systems for the integration of
single-NWs connected in parallel.'® These systems indicated
suitability for the selective integration of single-NWs con-
nected across arrays of electrodes using the dielectrophoresis
(DEP) method, and here we describe their fabrication in detail,
their functionality and the sensing mechanism of these
systems based on non-functionalized or Pt-functionalized
tungsten oxide NWs synthesized via AACVD.

Sensor fabrication and
characterization methods

The fabrication of the nanosensors involved three processing
steps that included (1) development of nanoelectrode arrays,
(2) AACVD of non-functionalized or Pt-functionalized tungsten
oxide NWs and (3) integration of both systems (i.e., nanoelec-
trodes and NWs) via the DEP method. These processing steps
are described in detail below.

Nanoelectrode arrays

Nanoelectrode arrays with 15, 30, 45 or 60 electrodes con-
nected in parallel were produced at the wafer-level by employ-
ing various fabrication steps, including electron-beam litho-
graphy (EBL, Raith, E-beam writer Raith150 Two), direct
writing laser lithography (DWL, Heidelberg Instruments, DWL
66-fs), metallization (Ion Beam Sputtering, Kaufman &
Robinson—KRI®), passivation (RF Magnetron Sputtering,

9088 | Nanoscale, 2018, 10, 9087-9096
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Bestec), ion beam etching (IBE, SCIA system, SCIA coat 200),
reactive ion etching (RIE, Oxford Instruments, Plasma NGP 80)
and dicing (Oxford Lasers, A-series). Overall, in this work, the
resists were used following the standard conditions rec-
ommended by Allresist GmbH general product information.
Fig. 1 displays a schematic view of the main processing steps
carried out for the fabrication of the array of nanoelectrodes.
Initially, a SiO,/Si wafer (Fig. 1a) was covered with gold
(100 nm thick) (Fig. 1b). Subsequently, the calibration marks
were developed by DWL using a positive tone resist (Allresist
GmbH, AR-P 3540) (Fig. 1c and d) in order to facilitate the next
step, ie., the EBL process employed to define the nanoelec-
trodes with finger-widths of 100 nm. Thus EBL was performed
at 20 kv using the stitching strategy by 100 pm area on a posi-
tive tone electron beam resist (Allresist GmbH, AR-P 6200-13)
with 400 nm thickness (Fig. 1e), afterwards IBE was used to
etch the gold and pattern the fine electrodes (Fig. 1f). The
microelectrodes and contact PADs were achieved by DWL; this
process was carried out using a negative-tone optical-active
resist (Allresist GmbH, AR-N 4340) with 1.4 pm thickness
(Fig. 1g) which also served as a temporary protective mask for
the gold layer and the prior formed EBL structures. After devel-
opment, IBE was repeated to establish the contact between the
micro and nanoelectrodes (Fig. 1h). Next, we use a double-
stack bilayer of a negative tone optical resist (Allresist GmbH,
AR-N 4340 on top) mixed with a non-optical transparent resist
layer (Allresist GmbH, AR-BR 5460 on bottom). This bilayer
was used to cover the nanoelectrodes and PADs during the RF
magnetron sputtering (Bestec, Magnetron sputtering system)
of a SiO2 layer (250 pm thick), which was subsequently
removed by lift-off (Fig. 1i). Finally, the dicing procedure (5 x
5 mm) was performed using a compact laser micromachining
system (Oxford Lasers, A-series), followed by cleaning
(Microchem, PG Remover) to remove the residual resist and
other organic compounds from the surface.

Synthesis of functionalized tungsten oxide NWs

Pt-Functionalized tungsten oxide NWs were co-deposited via
AACVD from a methanolic solution (5 ml, Penta, >99.8%) of
W(CO)s (20 mg, Sigma-Aldrich, >97%) and H,PtCls-xH,O
(4 mg, Sigma-Aldrich, 99.9%), whereas non-functionalized
tungsten oxide NWs were deposited from a methanolic solu-
tion (5 ml, Penta, >99.8%) containing only W(CO)s (20 mg,
Sigma-Aldrich, >97%). Both processes were carried out on
bare silicon tiles (2 x 2 mm) at 390 °C by employing the
AACVD system described previously.” The aerosol droplets of
this solution were transported to the heated substrate using a
constant nitrogen gas flow (200 sscm) that needed 45 min to
transport the entire volume of solution (i.e., 5 ml). Overall, the
AACVD of W(CO)s or W(CO)s co-reacted with H,PtCls-xH,0
resulting in the formation of relatively weakly adhered (easily
abraded or removed by sonication) uniform NW-based films,
with diameters and lengths of approximately 100 nm and
10 pum, respectively. The characteristic top view and cross-sec-
tional SEM images of the as-grown films are displayed in
Fig. 2. Prior to integrating the NWs into the nanoelectrode

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Simplified schematic view of the steps used to fabricate the array of nanoelectrodes (not to scale). SiO,/Si wafer (a) sputtered gold on SiO,/Si
wafer (b) patterned of alignment marks (10 pm) for stitching fields — alignment procedure (c) gold structures after IBE (d) EBL resist layer for the
nanoelectrode patterning (e) gold structures after IBE (f) DWL resist for the microelectrode patterning (g) final gold structure after IBE (h) SiO, insu-

lation layer patterned (i).

Fig. 2 Top view and cross-sectional SEM images of the NW based
films. Non-functionalized and Pt-functionalized tungsten oxide nano-
wires showed similar characteristics at microscale.

This journal is © The Royal Society of Chemistry 2018

array, the NWs were removed from the silicon tiles by soni-
cation (10 s) in water (the suspended NWs in water remained
stable for several weeks showing unchanged properties).

On-chip integration

NWs, suspended in water, were integrated into the nanoelec-
trode array via the DEP process using an alternating voltage
(5Vpp, 9.5 MHz, Agilent 33220A) for 20 s, as illustrated in
(Fig. 3). To this end, a contact angle measurement station
(SEO, Phoenix 300) provided with two CCD cameras to control
the volume of the drop (0.7 ul) and facilitate the alignment of
the syringe with the electrode system was also employed. Prior
to the integration of NWs, the array of nanoelectrodes was
cleaned with oxygen plasma to remove unwanted organic
impurities and activate the localized hydrophilic surface pat-
terned around the electrodes. Electrical measurements were

Nanoscale, 2018, 10, 9087-9096 | 9089
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Fig. 3 On-chip integration steps showing a pair of electrodes connected to the AC voltage source, the droplet with the suspended nanowires for
the DEP process and a single-nanowire connected across the electrodes after DEP (not to scale).

also performed to confirm the open circuit between the elec-
trodes before the integration of nanowires.

Additionally, a resistive heating element was also developed
to control the temperature of the Si-based chip during the gas
sensing tests. This element was attached to the bottom of the
nanosensor array system using silver glue (RS Pro, type 186-
3593), and then mounted on a TO-8 package interconnected
by gold wires (Wire bonder TPT, HB16) to the pins, as shown
in Fig. 4. The heating element consists of a multilayer thick
film coated on the top of an alumina substrate (99% Al,O;,
250 um thick)."® The multilayer thick film comprises a conduc-
tive layer for electrical connection, ruthenium resistive layer
for heating and glass cover layer for electrical insulation.

Characterization methods

Samples were examined using scanning and transmission elec-
tron microscopy (SEM; Tescan FE Mira II LMU and TEM; FEI
Tecnai F20, 200 kV) equipped with an Energy Dispersive X-ray
detection system (EDX), X-ray diffraction (XRD; Rigaku

TO-8 package

Chip

!

Ceramic substrate
with resistive heater

Fig. 4 Schematic view of the elements comprising the gas-sensing
device.

9090 | Nanoscale, 2018, 10, 9087-9096

SmartLab 3 kW, Cu Ko radiation) and X-ray photoelectron
spectroscopy (XPS—Phoibos 150 analyzer—SPECS GmbH,
Berlin, Germany - under ultrahigh vacuum conditions (base
pressure 1 x 107'° mbar) and a monochromatic Ko X-ray
source, 1486.74 eV). Gas sensing tests of the gas sensor devices
were carried out towards ethanol (C,HsOH) and nitrogen
dioxide (NO,) by monitoring the electrical resistance changes
of the NWs while applying different currents in the order of
nanoamperes (Keithley 2400 SourceMeter®). The sensors were
exposed to various concentrations of C,H;OH or NO, for five
minutes in a continuous flow test chamber (200 sccm) pro-
vided with mass-flow controllers, and subsequently, the test
chamber was purged with synthetic air for five minutes until
the initial baseline resistance was recovered. The sensor
response was defined as (AR/Rgi), L.€., (Rair — Rgas/Rair) for
ethanol (reductive gas) and (Rgas — Rair/Rair) for nitrogen
dioxide (oxidative gas), where R, is the sensor resistance in
air in the stationary state and Ry, is the sensor resistance after
five minutes of analyte exposure.

Results and discussion
Single-wire based nanosensor array systems

The processing steps described above led to the fabrication of
gas sensing systems consisting of various parallel-connected
pairs of nanoelectrodes with a single-NW interconnected
across each pair. Generally, the integration of single-NWs into
the nanoelectrode arrays (15 pairs) resulted in a success rate of
approximately 33%, thus each nanosensor employed in this
work consisted of arrays of 5 single-NWs (non-functionalized
or Pt-functionalized). The SEM images of the nanoelectrode
array and a single-NW interconnected across a pair of electro-
des after the DEP process are displayed in Fig. 5.

Analysis of the NWs (non-functionalized and Pt-functiona-
lized) using XRD, TEM and XPS indicated the formation of

This journal is © The Royal Society of Chemistry 2018
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Nanowire — Electrode

Fig. 5 View of the nanoelectrodes connected in parallel (a) and detail view of a pair of electrodes with a NW interconnected across them (b)(c).

monocrystalline tungsten oxide NWs with a monoclinic phase
(P21/n space group, a = 7.306 A, b = 7.540 A, ¢ = 7.692 A, and
B = 90.88° ICCD card no. 72-0677) and preferred orientation
in the [010] direction, inferred by the intense diffraction peaks
at 23.5° 20 (d = 3.7 A) and 48.2° 20 (d = 1.8 A), corresponding
to the (020) and (040) reflections of the tungsten oxide mono-
clinic phase, as well as by the marked planar spacing (3.5 +
0.2 A) observed by HRTEM (Fig. 6).

TEM images of the NWs removed from the substrate by
sonication and re-deposited on Cu grids confirmed the wire-
like morphology with diameters between 50 and 100 nm. Non-
functionalized NWs displayed a clean surface (Fig. 7a),
whereas Pt-functionalized NWs displayed a surface covered

Non-functionalized NWs
Pt-functionalized NWs

L

Intensity, a.u.

ICCD card no. 72-0677

- (040)

T

W 5NN N, NN S

25 30 35 40 45 50
2 theta, degree

TN

T T T T T T

Fig. 6 Typical XRD pattern and HRTEM (in set image) of the non-
functionalized and Pt-functionalized tungsten oxide NWs. Overall XRD
patterns indicated a monoclinic phase (P21/n) with the peaks of high
intensity (preferred orientation) indexed to the ICCD card no. 72-0677
consistent with previous reports.®

This journal is © The Royal Society of Chemistry 2018

Fig.7 TEM of the non-functionalized (a) and Pt-functionalized (b)
tungsten oxide NWs. The insets display the W 4f and Pt 4f XPS core-
level spectrum for each type of wire.

with quasi-spherical nanoparticles of 1 to 5 nm dispersed
along the NW surface (Fig. 7b). Localized EDX of these struc-
tures confirmed the presence of W on the non-functionalized
NWs, and W and Pt on the functionalized NWs. Moreover, ana-
lysis of the W 4f core level spectrum recorded on the non-func-
tionalized (inset Fig. 7a) and Pt-functionalized (inset Fig. 7b)
tungsten oxide NWs showed similar peak positions to those
obtained in a tungsten oxide powder standard, with the peaks
broadening in the NW-based films likely due to the presence

Nanoscale, 2018, 10, 9087-9096 | 9091
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of higher surface defects at the NWs, as noticed in previous
studies.?® The XPS spectrum recorded on the Pt-functionalized
NWs (inset Fig. 7b) also demonstrated the presence of Pt 4f
core level peaks (found for Pt:W 3.7%), thus corroborating
the incorporation of Pt at the tungsten oxide surface.

Functional properties

Gas sensing tests of the non-functionalized and Pt-functiona-
lized tungsten oxide nanosensor array systems were carried out
at different temperatures (from RT to 250 °C) and currents
(from 10 to 100 nA) to find the maximum sensor responses to
C,H;0H and NO, at 250 °C and a better signal-to-noise ratio
when using a constant current of 50 nA. Under these con-
ditions, the nanosensors showed consistently an increase or
decrease of the electrical resistance after exposure to NO,
(Fig. 8) or C,HsOH (Fig. 9), respectively, as noticed previously
for other n-type MOX (including tungsten oxide) when exposed
to oxidative or reductive species."® These electrical resistance
changes were proportional to the gas concentration (Fig. 10)
and reproducible, displaying similar characteristics (e.g., mag-
nitude of the electrical resistance change and time of response
and recovery) for the same gas concentration, as shown in
Fig. 8, Fig. 9 and the ESI (Fig. S1-S4t). The recovery of the

View Article Online
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nanosensor (based on non-functionalized or Pt-functionalized
NWs) proved slower towards NO,, as opposed to C,H5;0H, par-
ticularly at the high NO, concentration tested (i.e., 2.5 and
5 ppm). This is likely related to the need for higher thermal
energy for desorption of NO, at the surface, however, due to
the bonding and packaging characteristics, designed not to
exceed a temperature of 300 °C, gas sensing tests of the device
at higher temperature were not performed in this work.
Overall, the electrical resistance recorded on the non-func-
tionalized nanosensors showed larger changes towards NO,, as
opposed to the Pt-functionalized nanosensors, which showed
larger changes towards C,HsOH. For instance the sensor
response towards 2.5 ppm NO, registered a value of approxi-
mately 68% for the non-functionalized nanosensors and 30%
for those functionalized with Pt NPs, whereas the sensor
response towards 100 ppm of C,H;OH registered a value of
approximately 32% and 86% for the non-functionalized and
Pt-functionalized nanosensors, respectively (Fig. 10). These
results indicate a better sensitivity to NO, for the non-functio-
nalized nanosensors, in contrast to the Pt-functionalized nano-
sensors, showing consistency with the literature, which pre-
viously demonstrated that non-modified tungsten oxide in
various forms (e.g., thin films,> nanoparticles, nanolamel-

Non-functionalized nanosensors

-
(¢)]
1

-
o
1

Resistance, MQ
(6]

4. N02 2.5 ppm
0.2 ppm 1ppmm
1800 3600 5400 7200
Time, s

Pt-functionalized nanosensors
151
107
5 _,.__M—WJM“-.M"\‘
5 ppm
0 NO, 1
0.2 ppm Ppm
1800 3600 5400 7200
Time, s

Fig. 8 Electrical resistance changes of the non-functionalized and Pt-functionalized nanosensors at 250 °C and 50 nA to various concentrations of
NO,. Purple color bars represent the concentrations and exposure time to NO, in each test.

81 Non-functionalized nanosensors

S o
L !

Resistance, MQ
N

100 ppm

1800 3600

Time, s

5400 7200

84 Pt-functionalized nanosensors

24 100 ppm

1800 3600
Time, s

5400 7200

Fig. 9 Electrical resistance changes of the non-functionalized and Pt-functionalized nanosensors at 250 °C and 50 nA to various concentrations of
C,HsOH. Blue color bars represent the concentrations and exposure time to C,HsOH in each test.
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Fig. 10 Sensor response vs. concentration curves of the non-functio-
nalized and Pt-functionalized nanosensors towards C,HsOH (a) and
NO; (b).

las,>® or nanofibers®®) is more sensitive to oxidative species

than reductive species,'® even at low concentrations (e.g.,
1 ppm (ref. 24)) and in the range of operating temperatures
studied in this work. Similarly, these results show better sensi-
tivity to C,H;OH for the Pt-functionalized nanosensors com-
pared to those without functionalization, which is also consist-
ent with previous reports in the literature that demonstrated
the enhancement of sensitivity in n-type MOX modified with
Pt NPs (e.g., Pt@WO;,>>*® Pt@Zn0,> or Pt@TiO, *’) towards
reductive species, including C,HsOH.

A comparative table showing the sensor responses recorded
in this work and the literature for other single-wire and mul-
tiple randomly connected wire systems towards NO, and
C,H;O0H is displayed in Table 1. We consider that Table 1 is
meant to provide a general idea of the properties of our
sensors, despite the complexity behind the comparison of the
sensor outputs, which depend strongly on the fabrication and
test set-up employed in each work. It is worth noting that
Table 1 takes into account only the optimum conditions
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reported in each work towards NO, or C,Hs;OH. Also, that the
use of tungsten oxide for single-wire sensors is not frequent in
the literature, which has been found to be particularly focused
on other MOX wires such as Sn0,,”® In,0;**° or Zn0.*°
Based on this literature search, we have noticed that our
sensors show better than or similar responses to other single-
NW systems reported previously (considering the gas concen-
trations tested). We also noticed lower magnitudes of response
for the single-wire based sensors compared to those based on
multiple wires. This is attributed to the broader exposed
surface area in multiple wires (as opposed to a single or few
NWs), which allows for a greater number of gas molecules to
impinge the surface, in turn, amplifying the electrical output
signal, as demonstrated previously when comparing the gas
sensing performance of thin films and single-NW systems."?
Further tests of the sensors towards other analytes includ-
ing carbon monoxide (CO) and ammonia (NH3) showed typical
n-type semiconducting behaviour during gas exposure (Fig. S1
and S57). Overall, the responses to CO were negligible, whereas
the response to NH; registered higher values for the non-func-
tionalized nanosensors than for the Pt-functionalized nano-
sensors. A global view of the results (Fig. S61) suggests good
selectivity for the non-functionalized nanosensors to NO, with
respect to C,HsOH, NH; and CO, and a moderate cross-
response among the reductive gases (i.e., C,HsOH, NH; and
CO). In contrast, Pt-functionalized nanosensors suggest better
selectivity among reductive gases compared to the non-functio-
nalized nanosensors, although with a higher probability of
interference from NO, (oxidative gas) to C,HsOH.
Pt-Functionalized nanosensors also displayed sensitivity to
humidity (Fig. S7t1). However, and despite this property is
undesired in gas sensors, strong humidity interference has
also been noted in previous reports on tungsten oxide and its
modification with Pt,>*° in agreement with our results.

Gas sensing mechanism

The sensing results can be understood on the basis of the
mechanism of chemical sensing on MOX surfaces, in which

Table 1 Summary of the responses recorded in this work and the literature for sensors based on single and multiple wires towards NO, and

Type Material Features (nm) R (%) Gas ppm Ref.

S-WA WO, 1002 10 000" 55 NO, 1 This work
S-W Sno, 90% 15000" 25 NO, 0.5 28

SW Sno, 782 100 NO, 100 31

M-Ws WO,_, 50 2 1560 NO, 1 32

M-Ws Wi5040 90% 1000~ 1304 NO, 1 33

M-Ws W15040 1000 2 335 NO, 1 34

M-Ws WO;_y — 500 NO, 5 35

S-WA Pt@WO;_, 5 2NPS 100 2 10 000" 88 C,HsOH 100 This work
SW In,0; 2202 5000" 47 C,H;0H 100 15

S-W CP 220 2 6000 ~ 0.15 C,H;O0H 2000 36

M-Ws WO;_y 100 2 10 000 © 300 C,H;0H 10 37

M-Ws Pt@WO;_, 5 2NPS 100 2 10 000" 450 C,H;OH 10 37

M-Ws AU@WO;_y 30 2N 200 2 2000* 98 C,H;0H 4 38

S-WA: single-NW array S-W: single-NW M-Ws: multiple wires (wire based films) ?: wire diameter “: wire length R: response (AR/R,;;) % 100.

This journal is © The Royal Society of Chemistry 2018
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Fig. 11 A schematic illustration of the sensing mechanism of the non-
functionalized and Pt-functionalized nanosensor. Fully conducting
tungsten oxide NW (a). Formation of the depletion region around the
NW when exposed to air (b) and increase of the depletion region on
modification with Pt nanoparticles (c). Formation of Schottky barriers at
the Pt NPs and tungsten oxide NW interface contributing to the spillover
effect and the enlargement of the depletion region in air (d).

the pre-adsorbed oxygen species at the MOX react with
gaseous analytes producing electrical changes in the MOX.
Thus, when non-functionalized NWs are exposed to air, they
adsorb oxygen molecules at their surface leading to the for-
mation of different chemisorbed oxygen species (O, at temp-
eratures lower than 130 °C, O~ at temperatures between 130
and 300 °C and O~ at temperatures higher than 300 °C)*° by
capturing electrons from the conduction band (eqn (1)-(3)),
which in turn produces a depletion layer and an increase in
the resistance of the tungsten oxide NWs, as illustrated in
Fig. 11a and b. This mechanism is similar to that of the Pt-
functionalized NWs (Fig. 11c), although, due to the large
difference in the work function of Pt (5.12-5.93 eV)*' and
band gap of tungsten oxide (2.5-3.5 eV),** nano-Schottky bar-
riers are formed at the interface of the Pt NPs and the tungsten
oxide NW. This induces an accumulation of electrons on the
Pt NPs and the formation of holes on the tungsten oxide
NWs,*” thus resulting in an enlargement of the tungsten oxide
depletion layer at the surroundings of the Pt NPs.
Simultaneously, the catalytic Pt NPs also activate the dis-
sociation of molecular oxygen and their distribution onto the
surface of the NW. This effect, known as “spillover”, strongly
increases the quantity of adsorbed oxygen species on the tung-
sten oxide surface (Fig. 11d).

02 +e — 027 (1)
O, +e — 20 (2)
O +e — 0™ (3)

After the exposure of the sensors to ethanol at 250 °C the
following reaction paths are likely to occur at the surface domi-

nated by pre-adsorbed O™:***
CZHSOH(gaS) - CZHsoi(ads) + H+(ads) (4)
2‘H+(ads) + Oi(ads) - HZO(vapor) (5)

Cszoi(ads) + H+(ads) - CZH4(vapor) + HZO(vapor) (6)
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C2H4(vap0r) + 607(ads) - 2Coz(gas) + 2HZO(vapor) +6e (7)

CZHSOH(gas) + Oi(ads) - C2H4O(ads) + HZO(vapor) +e (8)
C2H4O(ads) + Oi(lattice) - CH3COOH(vap0r) +Vo (9)

Generally C,HsOH molecules are adsorbed on the surface
of tungsten oxide via the oxygen atoms of the hydroxyl groups
(eqn (4)) and the resultant H' ions react with O~ ions (eqn (5))
to form water molecules which are then desorbed. At elevated
temperatures (>200 °C) the adsorbed ethoxy groups can also
be decomposed into ethylene and water that later are desorbed
from the surface (eqn (6) and (7)). C,H5;OH can also be decom-
posed to acetaldehyde by reaction with the lattice oxygen with
subsequent desorption of vapor of acetic acid and the release
of electrons towards tungsten oxide due to the formation of
oxygen vacancies (Vo) (eqn (8) and (9)).* To sum up, the
C,H50OH molecules adsorb at the non-functionalized tungsten
oxide surface providing electrons to reduce the adsorbed ionic
oxygen and release the free electrons back to the tungsten
oxide conduction band. This process reduces the width of the
depletion region and increases the conduction of the tungsten
oxide NWs.

A similar mechanism occurs for Pt-functionalized tungsten
oxide during C,HsOH sensing however with significant
improvements in the response to C,Hs;OH first due to the
increment of pre-adsorbed oxygen as a result of the trap and
accumulation of oxygen species at the Pt NPs and/or spill of
these species over the NW surface and second due to the pro-
motion and acceleration of the reactions described above at
the Pt NPs unlike the mechanism occurring at the non-functio-
nalized tungsten oxide surface.”® Hence in contrast to the non-
functionalized NWs the Pt-functionalized surface (that is
covered with a higher amount of pre-adsorbed oxygen species)
promotes the release of more electrons into the tungsten oxide
conduction band during C,HsOH adsorption and in turn
records larger resistance changes in the Pt-functionalized
nanosensors towards C,H;OH.

On the other hand when the NWs are exposed to NO, the
NO, molecules are adsorbed as NO,~ (eqn (10)) capturing elec-
trons from the tungsten oxide conduction band and reacting
further with the adsorbed ionic oxygen (eqn (11)) to form

nitric oxide and 0*~.%¢

Noz(gas) +e — NO?Z(ads) (10)

NO y(ads) + O (ags) +2¢~ — No(gas) + 2OZi(ads) (11)

These reactions take electrons from the conduction band of
the tungsten oxide NW producing a wider depletion layer than
that formed during the pre-adsorption of oxygen which results
in a further increase of the resistance along the non-functiona-
lized wire. In the Pt-functionalized NWs, as these structures
are more depleted of electrons after the pre-adsorption of
oxygen, the NO, molecules exposed to this surface find less
electrons in the tungsten oxide conduction band to be
accepted and to form NO,™ adsorbents, making the Pt-functio-

This journal is © The Royal Society of Chemistry 2018
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nalized NW less sensitive to NO, than to C,H;OH as noticed
in the functional tests of these systems.

In summary these results demonstrate a reliable operation
of the nanosensors with consistent functional properties that
validate the fabrication of the sensing device. The fabrication
method reported here which includes the selective integration
of functional single-NWs (<100 nm) into an array of EBL devel-
oped electrodes with nanoscale finger-widths of ~100 nm is an
attractive route for developing the next generation of single-
wire based nanosensors without using non-scalable and time-
consuming techniques such as FIB and circumventing the
electrical percolation issues of conventional chemoresistive
sensors based on sensitive films with multiple NWs.

Conclusions

Single-NW gas nanosensor array systems based on non-func-
tionalized or Pt-functionalized tungsten oxide were fabricated
using various processing steps that include electron beam
lithography to define the parallel-connected nanoelectrodes,
AACVD to grow the NWs and DEP to align single-NWs across
each pair of nanoelectrodes. The results demonstrated the
selective integration of single-NWs into the array of nanoelec-
trodes and the gas sensing tests of these systems validated the
functionality of the device. Overall the sensor performance
proved a reproducible behavior with the Pt-functionalized
NWs showing a better response to C,HsOH compared to the
non-functionalized NW systems which responded better to
NO,; in agreement with similar systems reported previously in
the literature. These results were attributed to the additional
chemical and electronic interactions at the interface of the Pt
NPs and tungsten oxide NWs which increase the pre-adsorp-
tion of oxygen species at the functionalized NW surface and in
turn the sensitivity to C,HsOH rather than NO,; as opposed to
the non-functionalized tungsten oxide surface.
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