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a  b  s  t  r  a  c  t

Chemoresistive  micromachined  gas  sensors  with  bottom-electrode  configuration  and  based  on  Pt-
functionalized  tungsten  oxide  nanowires  are  fabricated.  The  performance  and  reliability  of  three  types
of devices  with  different  electrode  gap  (5,  10 and  15  �m)  are  analyzed  in  dry  and  humid  ambient  and
towards  various  analytes  (H2, NO2, EtOH,  and  CO).  Results  demonstrate  an  improved  response,  sensitiv-
eywords:
icromachined gas sensor
anowires
lectrodes
ptimization

ity,  and  stability  with  better  dynamic  of  the  response  for the  sensors  with  the  electrode  gap  of  5  �m,
showing  up  to 7-fold  higher  responses  and  32-fold  faster  responses  towards  hydrogen  compared  to  the
sensors  with  the  electrode  gap  of  10  or 15  �m.  These  results  are  connected  with  the  increment  of the
density  of nanowire  junctions  across  the  electrodes  with  5 �m gap;  separation  that  corresponds  to  half
of  the  length  of the  wires  used  in  this  work.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Nanowire-based devices (e.g., chemical sensors or field-effect
ransistors) have demonstrated improved performance compared
o their counterparts based in thin films, but the emerging of
hese structures as building blocks of micro/nano devices has also
et fundamental challenges for the assembly technologies and
he integrated-circuits industry, often due to the incompatibil-
ties between the nanowire production on large scale and the

icro/nano-device fabrication methods [1]. These incompatiblity
ssues hinder the use of certain technologies, for instance those
tilized for fabricating Micro-Electro-Mechanical Systems (MEMS),
hich (among other ends) are commonly employed in chemoresis-

ive gas sensors to reduce the electrical power consumption [2].
In chemoresistive nanowire-based gas sensors, nanowires

ridge positive and negative electrodes to allow the electrical
urrent to flow, and thus monitor the resistance or conduc-
ance changes produced by the adsorption of gaseous analytes
t the surface of nanowires (typically metal oxides, although
ther materials such as silicon or carbon nanotubes CNTs are also

sed with the same principle) [1,3,4]. Consequently, the perfor-
ance (particularly, response magnitude, sensitivity, stability, and

eproducibility) of the gas sensor systems can be influenced by

∗ Corresponding author.
E-mail address: vargas@feec.vutbr.cz (S. Vallejos).

ttp://dx.doi.org/10.1016/j.snb.2016.05.102
925-4005/© 2016 Elsevier B.V. All rights reserved.
the features of both the electrodes and the sensitive material.
Technologically, bottom-electrode architectures are preferred for
chemoresistive nanowire-based sensors, as these systems do not
require of post-processing steps for their integration, something
that prevents the introduction of contaminants into the sensitive
materials [3,5], whereas composite materials (e.g., nanowires func-
tionalized with second-phase nanoparticles (NPs)) are preferred as
sensitive materials due to their proved better gas sensing prop-
erties, originated from chemical and/or electronic sensitization
mechanisms [6–8], particularly when the size of these materials is
within the Debye length (LD) of the surface (typically on the order
of 2–100 nm) and the second-phase constituents are introduced in
small, discrete amounts [8].

Nanowire assembly technologies generally include the trans-
fer of pre-grown nanowires or the direct growth of nanowires onto
the device. The first is largely used to integrate and align nanowires
on the electrodes, though has proved critical in chemical sensing
applications (e.g., gas sensing) due to the need of transfer media
(e.g, liquids) that often degrade the surface properties of the wires
[1]. The second, in contrast, avoids the use of transfer media and
can simplify the processing steps for assembling nanowires, par-
ticularly when using bottom-up approaches (i.e., methods based
on the growth of the structure through assemble of atoms derived
from chemical precursors) rather than top-down approaches (i.e.,

methods based on carving, slicing or etching a macroscale material
source) [9]. Chemical Vapor Deposition (CVD) and modifications
such as Aerosol Assisted (AA) CVD are bottom-up techniques and

dx.doi.org/10.1016/j.snb.2016.05.102
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.05.102&domain=pdf
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ig. 1. Array of micromachined sensors mounted on a standard TO8 package (a), 

icromachined platforms (b), and schematic view of the layers comprising the mic

ave proved to be suitable for large-scale synthesis of nanowires
oth via vapor-liquid-solid (VLS) or vapor-solid (VS) mechanisms,

.e., with (for VLS) or without (for VS) the assistance of catalysts as
eeds. [10]

Recently, we have developed a method for fabricating gas
icrosensors based on direct integration of nanowires into micro-
achined platforms and their functionalization with second-phase
Ps in a single-step process via AA-CVD [11–13]. Those sys-

ems, based on bottom-electrodes and tungsten oxide nanowires,
emonstrated improved sensing response compared to polycrys-
alline gas-sensitive films, as well as enhanced responses with
aster response rates when the nanowires were functionalized with

etals (e.g., Au, Pt) [11] or other metal oxides (e.g., Cu2O [13], Fe2O3
12]). However, despite having established the methods for pro-
essing these gas sensitive materials, the evaluation of the electrode
onfiguration and its influence on the functionality of the whole
ensor system has not been reported previously.

Here, we evaluate the performance and reliability of micro-

achined sensors, provided with different bottom interdigitated

lectrode (IDE) configuration, using Pt-functionalized tungsten
xide nanowires grown via AA-CVD as the sensitive material model.
hese microsensors are tested towards various gaseous species (H2,

Fig. 2. Gas testing system. MF:  mass flow, VH: microheater bias voltage, RH: mi
l microscope imaging of the functionalized nanostructures grown directly on the
hined membrane (c).

NO2, EtOH, and CO) in dry and humid ambient, and key factors of
the sensor operation such as sensitivity, selectivity and stability are
examined.

2. Experimental

2.1. Fabrication and processing steps

Micromachined platforms consisting of a suspended membrane
(1 × 1 mm)  of Si3N4 (300 nm thick), containing a Ti/Pt resistive
heater (covering an area of 400 × 400 �m,  25 nm/250 nm thick,
meander shaped) and Ti/Pt IDEs with different electrode gaps of
5, 10 or 15 �m (covering an area of 280 × 280 �m,  25 nm/250 nm
thick), isolated by an interlevel silicon oxide layer (500 nm thick),
were produced at wafer-level employing various microfabrication
steps such as implantation, photolithography, etching, metalliza-
tion, lift-off and rear side anisotropic etching of the substrate to
define the membranes.
Pt-functionalized tungsten oxide nanowires were grown at
390 ◦C on the top of the electrodes via AA-CVD of tungsten
hexacarbonyl (20 mg,  W(CO)6, Sigma-Aldrich, ≥97%) and hex-
achloroplatinic acid hydrate (4 mg,  H2PtCl6·xH2O,  Sigma-Aldrich,

croheater resistance, RE: resistance of the gas-sensitive film (nanowires).



S. Vallejos et al. / Sensors and Actuators B 235 (2016) 525–534 527

Fig. 3. SEM imaging (top view) of the functionalized nanowires integrated into the micromachined platforms with different IDE configuration. EG:  15 �m (a), EG: 10 �m (b)
and  EG: 5 �m (c).

Fig. 4. High magnification SEM imaging of the functionalized nanowires grown on the micromachined platforms (a) and HRTEM of a single nanowire showing the planar
distance  for tungsten oxide and platinum (b). Cross-sectional SEM imaging of the micromachined sensors cut using FIB (c). Insets in (a) and (c) display the size of the platinum
NPs  dispersed along the nanowires and the layers comprising the microsensor, respectively.
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Fig. 5. XRD pattern (a), Raman spectra (b), and XPS spectra of the Pt 4f (c), W 4f core levels (d) and valence band (e) recorded on the Pt-functionalized nanowires. The valence
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and  XPS spectra of similar non-functionalized nanowires grown via AA-CVD is inc

9.9%) dissolved in methanol (5 ml,  Sigma-Aldrich, ≥99.6%), as
escribed previously [12]. A shadow mask was used during the
eposition process, in order to protect the contacts and confine the
lm deposition to the electrode area. AA-CVD deposition was carry
ut simultaneously on various micromachined platforms with dif-
erent electrode gaps to ensure relative similar characteristics of
he sensitive material. After deposition, each chip containing an
rray of four microsensors was bounded and mounted on a stan-
ard TO-8 package (Fig. 1a). Fig. 1b shows a top view of the sensing
ctive area of a sensor and Fig. 1c depicts the layers comprising the
evice.

.2. Device characterization

The morphology of the films were examined using Scanning
lectron Microscopy (SEM— Carl Zeiss, Auriga Series) and High
esolution Transmission Electron Microscopy (HRTEM — FEI Tec-
ai F20, 200 kV). Cross-section of the micromachined sensor was
chieved by cutting the membrane with Focused Ion Beam (FIB —
arl Zeiss, 1560XB Cross Beam, 30 kV:200 pA). Moreover, the films
ere examined using X-ray Diffraction (XRD — Bruker, AXS D8-
dvance, Cu K� radiation operated at 40 kV and 40 mA), RAMAN

Renishaw in Via, laser of 514 nm,  ion argon — Novatech, 25 mW)
nd X-ray photoelectron spectroscopy (XPS — Phoibos 150 analyzer

 SPECS GmbH, Berlin, Germany — in ultrahigh vacuum conditions
base pressure 1 × 10−10 mbar) and a monochromatic K� X-ray
ource, 1486.74 eV).
.3. Gas sensing tests

Gas sensing tests were carried out towards various analytes by
onitoring the electrical resistance changes of the films between
 in (e) for reference.

room temperature (RT) and 350 ◦C and using a multimeter (Digi-
tal Multimeter Data Acquisition — Keithely 2700) configured with
20-channels relay multiplexer. The sensors were exposed to each
analyte for 10 min  in a continuous flow (200 sccm) test chamber
(280 cm3) with synthetic air as carrier gas (3X, Praxair). Subse-
quently, the chamber was purged with synthetic air during 30 min
until the initial baseline resistance was recovered. Humidity was
introduced to the system by bubbling through water under con-
trolled conditions. To have a proper control of the relative humidity
(RH) inside the gas test chamber an evaluation kit (EK-H4, Sen-
sirion AG) with a humidity sensor (SHT71, operating ranges from
0 to 100% RH, accuracy of ±3% RH) was used. The total flow and
exposition time for the humidity tests remained the same than
those used for the gas testing in dry synthetic air. The sensor
response (R) was  defined as R = Ra/Rg for reducing gases or R = Rg/Ra

for oxidizing gases, where Ra represents the sensor resistance in
synthetic air at stationary state and Rg is the sensor resistance
after 10 min  of gas exposure. Calibrated cylinders of hydrogen (H2,
Praxair, 100 ppm), ethanol (EtOH, Praxair, 100 ppm) carbon monox-
ide (CO, Praxair, 100 ppm), and nitrogen dioxide (NO2, Praxair,
100 ppm) diluted in synthetic air were further mixed with the
carrier gas to obtain the desired concentration (Fig. 2). The gas
testing results shown in Section 3 were recorded using various sen-
sors with each electrode configuration for each testing condition
(i.e., analyte, concentration, temperature, and relative humidity).
The whole testing period spanned for the sensors was  140 days
during which the same sensors were alternatively tested to the
analytes at different concentrations and operating temperatures.

Each measurement was replicated five times and during this test
period, the array of sensors accumulated a total of 900 h of opera-
tion.
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Fig. 6. Sensor response to 100 ppm of H2, NO2, EtOH and

. Results

.1. Gas-sensitive material

Generally the properties of the sensitive films integrated into
he micromachined platforms, with three different IDE configura-
ions (identified as EG: 15, EG: 10 and EG: 5 �m),  were in agreement
ith those observed in our previous work related to the functional-

zation of tungsten oxide nanowires with platinum NPs via AA-CVD
12]. SEM of the devices showed the films were deposited uniformly
n the micromachined platforms, forming a mat-like network of
on-aligned tungsten oxide nanowires interconnected across the

DEs (Fig. 3).
Further SEM of the nanowires, using in-lens detector, revealed

he presence of NPs with 4–6 nm in diameter at the surface of
he wire (Fig. 4a). Similarly, HRTEM (Fig. 4b) showed the pres-
nce of dispersed NPs at the surface with planar spacing of 2.21 Å
consistent with the internal lattice of the (111) plane of face-
entered cubic Pt (d = 2.265 Å, ICCD card no. 04−0802)), and marked
lanar spacing of 3.55 Å along the nanowire (consistent with the
onoclinic tungsten oxide phase identified by XRD (Fig. 5a)).

oth, SEM and HRTEM showed wires with diameters between
00 and 400 nm,  these values are larger compared to similar
anowires deposited using the same conditions on polymeric foils
between 50 and 100 nm)  [12], likely due to the difference in surface
oughness of the substrate. The cross-sectional SEM image of the
icrosensors performed in an area without the meander heater

s shown in Fig. 4c; from bottom to top, it is observed the Si3N4
embrane, the interlevel SiO2, the platinum electrode, and the

anowires with lengths of approximately 10 �m (due to the use
f FIB for sectioning the device, the wires were damaged and the

orphology appears degraded). Figs. 3 and 4 c also suggest a prefer-

nce of the wires to grow on the electrodes, rather than in the gaps
etween electrodes, despite the fact that we proved previously the
rowth of these networked nanowires using similar AA-CVD con-
isplaying the mean and error bars of the measurements.

ditions (without catalyst seeds) on various types of substrates (e.g.,
ceramic [14], polyimide [12], Si/SiO2 [15]). This is likely related to
the difference in thermal conductivity of platinum (the electrode)
and Si3N4/SiO2 (the membrane) and the action of thermophoretic
effects during the AA-CVD process.

XRD of the sensing active area of the sensors (Fig. 5a)
showed diffraction patterns associated with a monoclinic phase
WO3 (P21/n space group, a = 7.306◦A, b = 7.540◦A, c = 7.692◦A, and
� = 90.88◦; ICCD card no. 72-0677), indicating a preferred orienta-
tion in the [001] direction with intense diffraction peaks at 23.1◦

2� (d = 3.85 Å) and 47.2◦ 2� (d = 1.92 Å) that correspond the (002)
and (004) reflections of this monoclinic phase (a platinum diffrac-
tion peak at approximately 40◦ 2� coming from the electrodes
was also observed). Similarly, Raman analysis (Fig. 5b) displayed
well-defined Raman bands at 269, 326, 715 and 802 cm−1. These
bands fall close to the wavenumbers of the four strongest modes
of monoclinic tungsten oxide [12,16,17]. The bands at 269 and
326 cm−1 are assigned to bending modes of the bridging oxy-
gen, whereas the bands at 715 and 802 cm−1 are assigned to the
stretching modes. The weak bands at around 439 cm−1 and the
lattice modes below 200 cm−1 are typical bands of the crystalline
tungsten oxide. These results demonstrate that the nanowires inte-
grated into the micromachined devices (i.e., EG: 15 �m, EG: 10 and
EG: 5) are characterized by a monoclinic-phase WO3. XPS of the
nanowires displayed Pt and W 4f core level peaks (Fig. 5c and d)
with similar characteristics to those observed previously for Pt and
tungsten oxide [11]. These results indicated O/W ratio of 2.6 and
the incorporation of 10.7 wt.% of Pt at the wires. Examination of
the valence band (VB) recorded near the Fermi energy level sug-
gested an increase in the density of electronic states near the Fermi
level (evidenced by comparing the VB spectra recorded for similar

nanowires without functionalization), which could be associated
with a strong electronic interaction between the platinum NPs and
the tungsten oxide nanowires.
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Fig. 7. Film-resistance changes towards EtOH (a), H2 (b) and NO2 (c) at 230 ◦C.

Table 1
Sensitivity of each sensors to EtOH, H2 and NO2 at 230 ◦C.

Sensor Sensitivity (�R/�C)100%

EtOH (20–100 ppm) H2(40–100 ppm) NO2(1–10 ppm)

EG:5 1.6 37 39

3

i
s
[
w
i
a
d
e
i
r
a
d
t
(
a
c
f
t
f
s
r
f
f

EG:10 1.2 14 11
EG:15 0.8 11 1

.2. Gas sensing tests

Tungsten oxide has been extensively studied for gas sens-
ng application, demonstrating high sensitivity to various gaseous
pecies, for instance in its intrinsic form to NO2 [13,18–21] and O3
18,22], and when functionalized with platinum to H2 [11]. In this
ork the devices were tested to NO2, H2, ethanol and CO at var-

ous sensor operating temperatures, between room temperature
nd 350 ◦C, using dc resistance measurements. The temperature
ependency of the mean sensor response and standard error for
ach sensor and analyte at the same concentration is displayed
n Fig. 6. Overall, results suggest a bell-shaped variation of the
esponse and temperature with a maximum value between 200
nd 240 ◦C and a marked high response to H2, which shows a lower
eviation (<12%) from the mean for the sensors with 5 �m of elec-
rode gap, as opposed to the sensors with 10 �m (<70%) and 15 �m
<40 %) of electrode gap. This inverse relation between the response
nd the electrode gap is also noticed for the rest of analytes, with the
hange of electrical resistance to EtOH and CO becoming negligible
or the electrodes with larger gap. For comparison, the responses
o H2 and NO2 for the sensors with 5 �m of electrode gap were 7-
old and 1.5-fold higher, respectively, than those recorded on the
ensors with 15 �m of electrode gap. Similarly, the response and

ecovery rates of the sensors with 5 �m of electrode gap were 32-
old and 14-fold faster, respectively, compared to those recorded
or the sensors with 15 �m of electrode gap. This enhancement
Fig. 8. Film-resistance in air for each type of sensors along 140 days of operation.

of the overall response in the sensors with 5 �m of electrode gap
diminished the cross-response among the analytes and improved
to some extent the discrimination of the analytes and the selectivity
of the sensor device.

Fig. 7 shows a typical change of resistance to various analyte
concentrations for each type of sensor. Responses displayed an
n-type behavior to each analyte and a direct dependence of the
response and gas concentration, indicating enhanced sensitivities
(Table 1) for the sensors comprised of electrodes with narrower

gaps (the sensitivity was defined in percentage as the ratio between
the change in sensor response (�R) for a fixed change in analyte
concentration (�C)).
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Fig. 9. Film-resistance changes towards dry and humid atmospheres

Monitoring of the electrical resistance of the sensors in air along
he testing period (140 days) showed drifts of the resistance with
he lowest values measured during the first quarter of operation
e.g., 14 k� for EG: 5 �m,  90 k� for EG:10 �m,  200 k� for EG:15 �m
t 230 ◦C) and the highest values in the last quarter (e.g., 100 k� for
G: 5 �m,  3 M� for EG: 10 �m,  110 M� for EG: 15 �m at 230 ◦C)
Fig. 8). These changes in the baseline resistance of the sensor were
bout 550-fold higher for the sensors with 15 �m of electrode gap
ompared to the sensors with 5 �m of electrode gap, which showed
nly 7-fold increase in resistance during the testing period.

After 120 days of operation (measuring the different analytes at
arious operating temperatures) the sensors with 15 �m of elec-
rode gap lost response to analytes, thus the gas testing in humid
mbient were carried out only for sensors with 5 and 10 �m of
lectrode gap. Test of the sensors in humid ambient to H2 and NO2
Fig. 9) produced a decrease of the baseline resistance of the sensors
consistent with previous reports on Pt-functionalized tungsten
xide working in humid ambient) [23] and a drop-off the response
o both analytes, which indicates a considerable influence of mois-
ure in the behavior of the sensors. For instance at 30% RH the
eviation of the sensor response relative to that measured in dry
mbient to H2 and NO2 was higher (300%) for the sensors with 5 �m
f electrode gap than for the sensors with 10 �m of electrode gap
70%).

.3. Discussion

The characterization of the micromachined gas sensors based on
unctionalized nanowires and different bottom-electrode configu-
ations showed enhanced performance (including higher responses
nd better sensitivities towards H2, EtOH and NO2, as well as bet-
er stability) for the systems comprised of electrodes with narrow
aps (i.e., sensors with IDEs separated by 5 �m).  Similarly, results
howed a boost in the resistance changes produced by the humid-
ty when using the electrodes separated by 5 �m,  and although

his characteristic is not desirable in gas sensing, we noticed
hat the intrinsic sensitivity to humidity previously demonstrated
n non-functionalized and Pt-functionalized tungsten oxide films
13,23,24] is also amplified by the use of the electrodes with narrow
ackground of synthetic air and H2 (a) at 230 ◦C or NO2 (b) at 270 ◦C.

gap, analogously to that observed for H2, EtOH and NO2. The boost
of response towards the gaseous analytes and humidity is linked
with an optimization of the electrode gap relative to the length of
the wires and an increment of the density of nanowire junctions
(�) across the 5 �m electrode gap by 1.3 and 1.8 times compared
to the sensors with 10 and 15 �m of electrode gap, respectively,
(� = 438 for EG: 5 �m,  � = 349 for EG: 10 �m,  � = 241 for EG:  15 �m).
These values (i.e., �) were estimated according to the expression
reported previously for similar nanowire-based sensor assembly
(non-micromachined) based on tin oxide [25]. Interestingly, a com-
parison of the gas sensing results reported previously for the tin
oxide system to NO2 at 300 ◦C [25] and our results for the tung-
sten oxide system to H2 at 230 ◦C revealed that an increment of
� by 1.3 registered in both cases an increase of the response to
the analytes by 1.5. It is worth noting, however, that the density
of junctions estimated for our system do not take into account
the micromachined membrane deflection, which during operation
bends its central point downwards the silicon bulk due to the bias
voltage applied to the microheaters (7 �m at 230 ◦C, measured by
interferometric microscopy). Similar remarks on the membrane
deflection in micromachined platforms were also reported previ-
ously. [26] The bending of the micromachined platform could be
responsible of the electrical resistance increase recorded in the
films along the testing period (Fig. 8), as each time the microheaters
were powered, the nanowire-nanowire junctions were subjected
to a mechanical stress that could have deteriorated the nanowire
junctions. This operational characteristic could also be responsible
of the large deviation registered on the sensor response, as well as
of the loss of long-term stability, particularly in the sensors with
15 �m of electrode gap, which have higher probability of losing
the contact between nanowires due to the largest ratio between
nanowire length and electrode gap, and the wires forming junc-
tions apparently only at the end of the wire (as evidence in Fig. 3a).
The nanowire-nanowire junctions (Fig. 10a) along the film play an
important role in the overall response of the device, as the gas sens-

ing mechanism depends on the modulation of the potential barriers
originated during oxygen adsorption/desorption at the interface of
the nanowires. These potential barriers are larger during oxygen
adsorption due to the large surface depletion at the wires (Fig. 10b),



532 S. Vallejos et al. / Sensors and Actu

Fig. 10. SEM imaging of the junctions formed between functionalized nanowires (a)
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the whole film. Overall, these results suggest that to optimize
nd  schematic view of the interface gas sensing mechanism in networked nanowire
lms when exposed to air (b) and reductive analytes as hydrogen (c).

hich increases the overall electrical resistance of the film. In con-
rast when the wires are exposed to reductive gases (e.g., H2, EtOH,
O) the depletion layer along the wires and the potential barriers
hrank (Fig. 10c), decreasing the electrical resistance of the film.
t is worth noting that in present work the width of depletion at
ach wire and in turn the conduction channel along the wire are
lso influenced by the platinum NPs dispersed at the surface, as
uggested by the intimate contact between these materials (Figs.
 b and 5 e). Therefore the current flow in each nanowire is most
ikely tuned via two possible effects: spill over (i.e., the enrichment
f the metal oxide surface with reactive species through catalysis)
ators B 235 (2016) 525–534

and/or Fermi level control (i.e., changes in the chemical state of
the NPs with active species). The role of these mechanism in the
enhancement of the sensing properties of the composite material
were discussed previously [11].

Table 2 summarizes the sensing responses reported for various
chemoresistive gas sensors based on Pt-functionalized tungsten
oxide nanowires. Although comparison of sensor outputs is com-
plex, as the overall sensor performance is influence by the sensing
material features, the transducing platform employed and test
parameters (operating temperature, flow, test cell volume), we
consider these data is still meaningful to offer a general idea of the
sensing properties observed for Pt-functionalized tungsten oxide
nanowires and also the methods used for the integration of func-
tionalized (decorated) nanowires into the sensor device. Overall,
Table 2 shows Pt-functionalized tungsten oxide nanowires as sens-
ing material for hydrogen, which is consistent with our results that
also suggested a better affinity to this analyte (Fig. 6). It is also
noticed, that the sensor responses registered in this work to H2
are higher compared to our previous work on flexible platforms
[12] in which a similar material processing method was used for
the synthesis of Pt-functionalized tungsten oxide nanowires. These
sensor responses are also higher than other works in the litera-
ture, with an exception of our study on Pt-functionalized tungsten
oxide wires (second row in Table 2), which showed a relative higher
response to H2, likely due to the different characteristics of both
the sensitive material and the micromachined platform; some of
the relevant differences of the previous and present work include:
1) the utilization of W(OPh)6 [11] instead of W(CO)6, 2) the use of
lower metal:tungsten ratio in the precursor solution and as conse-
quence the result of lower Pt:W ratio in the film (found: 1% [11]
instead of 15%), and 3) the use of lager micromachined membranes
with the heaters covering 10 times more the area of the electrodes
as opposed to the present system which has a relation of 2. An
interesting point in Table 2, needed also to be emphasized, is that
the CVD methods allow for the direct integration of functionalized
nanowires with advanced sensor platforms (e.g., micromachined,
flexible) in a single-step, providing an important process benefit
compared to other competing synthetic techniques.

In summary, results showed improved performance and relia-
bility for the sensors with IDEs separated by 5 �m,  as opposed to
those with IDEs separated by 10 or 15 �m,  demonstrating the influ-
ence of the electrode features in the performance of chemoresistive
gas sensors based on functionalized nanowires.

4. Conclusions

Micromachined gas sensors comprising different bottom-
electrode configurations (EG: 5, 10 and 15 �m)  and based on
Pt-functionalized tungsten oxide nanowires integrated directly via
AA-CVD were fabricated. Gas testing of these devices to various
analytes (H2, NO2, EtOH, and CO) in dry and humid environment
showed improved response, sensitivity and stability, with better
dynamic of the response towards H2 for the sensors based on
electrodes with narrow gaps (i.e., 5 �m).  These results showed up
to 7-fold higher responses and 32-fold faster responses and rela-
tive better stability compared to the sensors with 10 and 15 �m
of electrode gap. Results were attributed to the increment of the
density of nanowire junctions across the electrodes with narrow
gap. These junctions improve not only the conduction channel
of the networked wires, but also increase the potential barriers
which play an important role in the gas sensing mechanism of
the performance and reliability of chemoresistive nanowire-based
gas sensors with bottom-electrode configuration, the gap between
electrodes should be at least half the length of the wires.
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Table  2
Summary the sensing responses reported for chemoresisitve gas sensors based on Pt-functionalized tungsten oxide nanowires. Selected parameters such as the characteristics
of  the materials, synthesis method, sensor technology and test conditions are pointed out.

Morphology Features, nm Method Sensor platform Electrode type Top
◦C Gas C ppm Ra/Rg Ref.

NPs@NWs (4–6)ØP (100–400)ØW − 10000LW CVDDirect Si–�M Bottom IDEs5 �m 200 H2 NO2 100
10

20
2.6

This work

NPs@NWs (1–4)ØP (60–120)ØW − 7000LW CVDDirect Si–�M Bottom IDEs50 �m 220 H2 100 27 [11]
NPs@NWs (1–5)ØP (50–100)ØW − 10000LW CVDDirect Flex Bottom IDEs5 �m 250 H2 100 6.25 [12]
NPs@NWs (30–200)ØP 100ØW − 10000LW TE + SPTTransfer Si Top IDEs20 �m 300 CO NO2 30

10
1.05
1.03

[27]

NPs@NWs (30–200)ØP 50ØW − 2000LW TE + SPTDirect Ceramic Bottom IDEs200 �m 200 H2 1000 1.53 [28]
NPs@NWs (3–5)ØP 50ØW − 2000LW E + SPTDirect Ceramic Bottom IDEs50 �m RT H2 1000 1.82 [29]
NPs@NWs (4–7)ØP 370ØW ES + WCSTransfer Ceramic Bottom 350 C3H6O 5 8.50 [30]
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Ps: nanoparticles, NWs: nanowires, ØP: diameter of the particles, ØW:  diamete
vaporation, E: evaporation of metallic tungsten, ES: electrospinning, SPT: sputter
olymeric-based platform, IDEs: interdigitated electrodes.
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