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WOj; nanowires/porous silicon hybrid structure”
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We report on the fabrication and performance of a room-temperature NO, gas sensor based on a WOj3
nanowires/porous silicon hybrid structure. The W gO49 nanowires are synthesized directly from a sputtered tungsten film
on a porous silicon (PS) layer under heating in an argon atmosphere. After a carefully controlled annealing treatment, WO3
nanowires are obtained on the PS layer without losing the morphology. The morphology, phase structure, and crystallinity
of the nanowires are investigated by using field emission scanning electron microscopy (FESEM), X-ray diffractometer
(XRD), and high-resolution transmission electron microscopy (HRTEM). Comparative gas sensing results indicate that the
sensor based on the WO3 nanowires exhibits a much higher sensitivity than that based on the PS and pure WO3 nanowires
in detecting NO; gas at room temperature. The mechanism of the WO3 nanowires/PS hybrid structure in the NO, sensing

is explained in detail.
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1. Introduction

The overwhelming progress of the human race in the last
few decades has brought not only a technological revolution
and comfortable living, but also unfortunate damage to the
ecosystem by releasing more toxic gases into the environ-
ment. Nitrogen dioxide (NO;), which results from combus-
tions and automotive emissions, is one example. Furthermore,
NO; is highly toxic to human nerves and respiratory organs,
so highly sensitive detection to NO; gas is desired for moni-
toring air quality.!'! Gas sensors based on metal oxide semi-
conductors, including SnO,,* WO3_,,51 Zn0,®! 1n,03,[!
TiO,,® and MoO3,! have aroused a great interest of re-
searchers in the recent years. The sensing mechanism is based
on the change in electrical conductivity of metal oxides when
gas molecules are adsorbed on the surface. Among exten-
sive research for various metal oxide semiconductors, tung-
sten oxide (WO3), which is a wide-band-gap n-type semi-
conductor, has been considered to be a promising material
for NO, gas detection.['%1?l Actually, various tungsten ox-
ide nanostructures (e.g., WO3 nanowires, [13! nanorods,['* and
nanoplates!'>!) have exhibited enhanced capabilities to detect
NO; gas at low concentrations because of their large specific
surface areas, monocrystalline structures and dimensions com-
parable to the Debye length. However, gas sensors based on
tungsten oxide nanostructures usually work at a very high tem-
perature (above 100 °C). Recently, porous silicon (PS) has
been identified as a sensing material for room-temperature de-
tection of NO, gas.[>1%1 However, the sensing response was
reported to be poor. Few efforts have been made to combine
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PS with WO3 nanowires sensing element so that the properties
of both materials could be efficiently exploited for the efficient
detection of NO, gas, i.e., high response at a low operating
temperature or at room temperature. Thus, in the present work,
an effort is made to develop a novel gas sensor structure com-
prising of WO3 nanowires loaded on PS to detect trace-level
concentrations of NO; gas (0.1-2 ppm) at room temperature
with enhanced sensing response characteristics.

2. Experimental section

Figure 1 illustrates the schematic diagram of the setup
and a brief process for growing tungsten oxide nanowires.
The PS layer was formed by electrochemical etching in a
Teflon double-cell configuration which has been reported in

U7 In short, the specimen size was de-

our previous work.
signed to be 22 mm x 8 mm after cutting from a p*-type
(100)-oriented monocrystalline silicon wafer with a resistivity
of 0.001 Q-cm. The specimen was cleaned and PS layers (the
total area: 64 mm?) were formed on the upper polished sur-
face using the galvanostatic electrochemical etching method in
7.3 wt.% aqueous HF. A current density of 50 mA/cm? and an
etching time of 20 min were used to prepare the PS layer. The
etching process was carried out in the dark and at 2542 °C.
Each PS sample was rinsed with ethanol and dried in air after
anodization.

Prior to tungsten oxide nanowires growing on the PS sub-
strate, a thin tungsten film was deposited on the PS substrate,
first by DC facing target magnetron sputtering. The deposition
was carried out under an argon (Ar) flow rate of 45 standard
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cubic centimeters per minute (sccm), a DC power of 100 W
and a pressure of 2 Pa at room temperature. After the sput-
tering, a 200 nm thick W film was obtained on PS substrate.
Subsequently, the sputtered PS was placed in the middle of a
quartz tube, which was mounted horizontally inside a tubular
furnace. After the furnace was evacuated to a base pressure
of 2 Pa, high-purity (99.999%) argon was introduced into the
chamber at a constant rate of 35 sccm, and the chamber pres-

sure was 150 Pa. The system was then heated to 700 °C for
1 h to induce the growth of tungsten oxide nanowires. After
the furnace was cooled down to room temperature in the Ar
ambient, the colorless W film was observed to change into a
purple-blue film. The analysis showed that this film was not-
fully-oxidized tungsten oxide, instead of the tungsten trioxide.
For the preparation of WO3 nanowires, the obtained sample
was further annealed in air at 450 °C for 1 h.

tungsten thin layer/porous tungsten oxide nanowires/porous
silicon

silicon porous silicon
— WW' —
electrochemical sputtering
etching
Ar or air

V4
I

silicon

vacuum
gauge

Fig. 1. (color online) Schematic diagram of the process and setup for growing tungsten oxide nanowires.

The prepared samples were analyzed first using the FEI
Nanosem 430 field emission scanning electron microscopy
(FESEM). Furthermore, the detailed one-dimensional (1D)
nanostructures were characterized using X-ray diffractometer
(XRD, RIGAKU D/MAX 2500 V/PC, Cu Ka radiation) and
transmission electron microscopy (TEM, TECNAI G2 F20) at
200 kV for high resolution imaging.

For the fabrication of sensors, two electric contacts of
a platinum (Pt) thin film with dimensions of 3 mm x 3 mm
were deposited on the surface of WO3 nanowires/PS by sput-
tering. The gas sensing characteristics were performed in a
home-built static gas sensing testing system consisting of a test
chamber, a flat heating plate, a professional digital multimeter
and a data acquisition system, which was shown in Ref. [18].
Pure NO, gas was introduced directly into the chamber by a
micro-injector to obtain a desired concentration. Changes in
the resistance values of sensors during interaction with the tar-
get NO, gas were measured by the digital multimeter and sent
to the computer. During data acquisition, humidity inside the
test chamber was maintained at 30% RH at room temperature
(~ 25 °C). The sensor response (S) to NO, was defined as
S = Ra/Rg, where R, and R, are the resistances of the sen-
sor element in the presence of atmospheric air and target gas
respectively.

3. Results and discussion

3.1. Structure characterization

The morphologies of the PS layer and the one sputtered
with tungsten thin film are investigated using FESEM. Fig-

ure 2(a) shows the typical surface morphology of the PS layer.
The average pore diameter is approximately 22 nm, obtained
by using an image analysis software (Nano Measurer 1.2).
Moreover, the surface of the PS layer is etched completely,
and the porosity of the PS layer is 64.3%. Porosity was de-
termined by P(%) = (m; —my)/(m; —m3)"1? where P(%) is
the porosity, m; is the sample weight before anodization, m;,
is the sample weight after anodization, and m3 is the sample
weight after removing the PS layer with a 1% KOH solution.
Figure 2(b) presents the morphology of the tungsten film sput-
tered on the PS layer. The morphology drastically changes af-
ter the heat treatment in the Ar ambient. Figures 2(c) and 2(d)
show different magnification SEM images of the tungsten ox-
ide nanowires grown on the PS layer. High-density tungsten
oxide nanowires cover the whole PS layer. The nanowires’
lengths extend from 500 nm to 2 um, and diameters range
from 10 nm to 25 nm. The highest aspect ratio was estimated
to be 200.

To identify the phase structure of the produced nanowires
after the heat treatment in the Ar ambient, XRD, TEM, and
high-resolution TEM (HRTEM) are performed. As shown
in Fig. 3(a), the XRD patterns reveal that the main product
could be a monoclinic WO, phase (JCPDS 32-1393). How-
ever, it should be noted that a sharp peak at around 23.5° is
observed which can be indexed to a non-stoichiometric mon-
oclinic WgO49 phase (JCPDS 84-1516), indicating the exis-
tence of nanowires on the sample. This result is consistent
with the X-ray diffraction result of Koltypin et al.*"]
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Fig. 2. SEM images of (a) pure PS and (b) PS sputtered with tungsten film.
(c) Low magnification and (d) high magnification SEM image of produced
tungsten oxide nanowires on PS after heating in Ar ambient.
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Fig. 3. XRD patterns of (a) the sample obtained by heating in Ar ambient,
and (b) the sample obtained after annealing treatment in air at 450 °C for
1 h.

Figure 4(a) presents a low magnification TEM image of
high-density tungsten oxide nanowires on PS, revealing the
uniform growth of the nanowires. The high resolution TEM
image of the nanowire future shown in Fig. 4(b) reveals vis-
ible planar defect features in parallel to the growth direction
of the as-synthesized nanowires. The lattice fringe distance of
0.38 nm is consistent with the d-spacing of (010), and the fast
Fourier transform (FFT) pattern is in conformity with the [001]
zone axis of the monoclinic W gO49 phase (Fig. 4(c)). The
growth direction of the nanowires is determined to be [010]
of Wi3049. The XRD peaks and TEM images indicate that
WO, is formed in the initial stages of oxidation as the inter-
mediate toward generation of the W gO49 nanowires. Due to
the presence of the residual WO,, which has a metal-like band
structure at room temperature!?!1, a further annealing in air is

required.

Fig. 4. (a) Low magnification and (b) high-resolution TEM image
of W;gO49 nanowires, and (c) fast Fourier transformation of the
image (b).

Figure 5 shows the SEM images of the sample after an-
nealing in air at 450 °C for 1 h. As shown in Fig. 5(a), the
sample still keeps the nanostructure after annealing. However,
the density decreases to some extent, which may be caused
by the loss of tungsten species in the annealing process due to
the generation of volatile tungsten species. Higher-resolution
SEM images in Fig. 5(b) indicate that the nanowires have be-

058103-3



Chin. Phys. B Vol. 23, No. 5 (2014) 058103

come a bit curved and sharp, revealing the occurrence of defor-
mation during the annealing treatment. XRD peaks in Fig. 3(b)
can be assigned to monoclinic WOz phase structure (JSPDS
72-1465), indicating a phase transition of the sample after the

annealing treatment.

Fig. 5. (a) Low-magnification and (b) high-magnification SEM im-
ages of the sample after annealing treatment in air at 450 °C for 1 h.

The growth mechanism of the tungsten oxide nanowires
restructured from tungsten film is suggested to be either the
interface strain or the vapor—solid process, but the detailed
mechanism is not well understood. According to the inter-
face strain mechanism, the nanowires are grown by converting
the strained oxide at the W/WO, interface into the unstrained
oxide in the nanowires.[*?! In addition, Tokunaga e al.!>3! ob-
served that the initial growth of the nanowires did not con-
sist of tungsten oxide but rather crystal tungsten. The crystal
tungsten nanowires grown through cracks in the surface ox-
ide layer on the tungsten film were then oxidized into tungsten
oxide nanowires. Some authors assumed that the growth of
nanowires is governed by the vapor—solid process since there
is no catalyst involved in the growth.[?*! The oxygen source
for the growth of nanowires comes from the native oxide layer

or the leakage of the system.

3.2. Gas sensing properties of NO,

The gas sensing capabilities of different materials are
In addition to the WO3 nanowires/PS hybrid
structure, sensors based on WOs3 nanowires/Al,O3 and pure

investigated.

PS are also fabricated and characterized. Figures 6(a) and 6(b)
show typical response curves of a pure PS sensor and WO3
nanowires/PS sensor respectively, measured at room tempera-
ture, for exposure to 500 ppb NO, gas. When the sensors are
exposed to NO, gas, the resistances of both sensors decrease
and soon afterward become saturated. After the removal of
NO; gas, the resistances recover to their initial values. It is
clear from the figure that the pure PS sensor is responsive to
NO; gas at room temperature; however, resistances decrease
further when WO3 nanowires are loaded on the PS layer. WO3
nanowires/Al,O3 do not show responsiveness to NO; gas (up
to 2 ppm) at room temperature. This result is not surprising
because, as is well known, pure WO3 nanowires are not re-
sponsive to gas at room temperature. WO3 nanowires/PS and
pure PS both behave as p-type semiconductors, since their
resistances decrease in the presence of oxidizing species. It
should be noted that the recovery time of the sensor based
on WO3 nanowires/PS is longer than that of the pure PS sen-
sor. This might be related to the high-density tungsten oxide
nanowires or the oxide layer under the nanowires that remains
without changing into nanowires; they block the passage of PS
for gas desorption. The recovery process is found to be accel-
erated by heating the sensing materials at around 100 °C for a
short duration (< 60 s) or by illuminating 365-nm-UV light for
about 10 s. These phenomena are probably due to the activated
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Fig. 6. Response and recovery characteristic to 500 ppb NO, gas
at room temperature of (a) pure PS and (b) WO3 nanowires/PS.
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desorption process of adsorbent species by imparted thermal
or photon energy as previously reported in other papers.!!72%)

Figure 7(a) shows the dynamic response curves of WOj3
nanowires/PS sensor upon exposure to NO, gas with different
concentrations ranging from 0.1 to 2 ppm. We can see that
as the gas concentration increases, the response is expanded.
It can be seen that the sensor response increases obviously
with the increase in NO, concentration, and the sensor is able
to detect as low as 100 ppb of NO, gas with responsiveness
This

suggests that the sensor could monitor NO; gas in sub-ppm

near 4.28 when being operated at room temperature.

level at room temperature. Notably, the response value could
not return to 1. In other words, the resistance value decreases
marginally after NO, removal, indicating that a small number
of NO, molecules fail to be desorbed from the surface, which
might have a little influence on the gas sensing properties of
the sensors. Figure 7(b) shows that the response magnitudes
gradually increase as NO, concentration increases, for both
pure PS sensor and WO3 nanowires/PS sensors. It can be seen
that the sensor responses greatly depend on NO; concentra-
tion, and the WOs3 nanowires/PS shows a higher response than
the PS at various NO, concentrations. Clearly, the detection
sensitivity defined by the slope of the response curve is found
to be lower at high concentrations: roughly 31.4 per ppm

in a range of 0.1-0.5 ppm, and 16.75 per ppm in a range of
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Fig. 7. (color online) (a) Dynamic response curve of WO3
nanowires/PS versus concentration of NO, at room temperature.
(b) NO; concentration dependent response values of pure PS and
WO3 nanowires/PS at room temperature.

0.5-2 ppm. Such a decrease in detection sensitivity at higher
NO; concentrations might be explained by a partial saturation

of the sensor at a high concentration.

3.3. NO; sensing mechanism

The mechanisms of the improved NO, sensitivity and
the sensor gas-sensing behaviors are considered. As is well
known, a higher surface-to-volume ratio for nanomaterials fa-
vors a larger number of surface oxygen vacancies. Hence
the structural characteristics of the nanowires and PS result
in a very large density of oxygen vacancy defects and dan-
gling bonds, which makes the surface of the hybrid structure
highly active to NO; gas. Besides, WO3 is a well-known n-
type semiconductor material and PS is a p-type semiconductor.
This results in many heterojunctions at the interface of WO3
nanowires and PS in the hybrid structure. A depletion layer
is naturally formed at the interface between the p-type PS and
the n-type WO3 nanowire as shown in Fig. 8(a). Since WO3
has a very low conductivity at room temperature, and thus a
small density of electron carriers, the positive space charges in
the WO3 depletion region are distributed more sparsely than
counterparts in the depletion region of PS. The difference in
space charge density can develop a wide depletion layer to-
wards the WO3 nanowires and cause the band to bend upward.
Furthermore, in the atmosphere, the oxygen molecules in the
air will be absorbed onto the sensor surface and thus extract
electrons from the conduction band of tungsten oxide and PS,
and then transform into chemisorbed oxygen species (O, and
O7) interacting with the target gas. The reaction kinematics

may be explained by the following reactions:

O3 (gas) — Oz (ads), ()
O, (ads)+e~ — O, (ads), )
0, (ads)+e~ — 20" (ads). 3)

As a result, an electron-depleted space-charge layer is
formed inside the oxide surface. The oxygen adsorption
increases the depletion region, and the band bends further,
thereby leading to the change of Fermi energy for oxides as
shown in Fig. 8(b). The cooperation of heterojunctions and
oxygen adsorption might induce the inversion. In the inver-
sion layer, holes are indeed the major charge carriers, which
indicates the p-type feature. Upon exposure to oxidizing NO,,
electron capture will significantly increase the hole concentra-
tions of the inversion layer and PS, and simultaneously reduce

the sensor resistance, that is,

NO;(gas) + O, (ads) +2e~ — NO, (ads) + 20" (ads). (4)
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Fig. 8. (color online) (a) Proposed energy band structure diagram for WO3 nanowires/PS heterojunctions in atmosphere. (b) Schematic
energy-level diagram of WO3 nanowire with absorption of oxygen and NO;. Ec: lower level of conduction band, Er: Fermi level, Ev:

upper level of valance band, E;: intrinsic level.

3.4. Selectivity

Gas sensors for practical applications are required to have
not only a strong sensor response but also very good selectivity
to target gases. It has been demonstrated that tungsten oxide
sensors can be responsive to various gases, such as NO,,?°!
NH3, 27! ethanol (C,HsOH),[281 03,291 CO,B% H, B! and
H,S.132! Pure PS-based gas sensors have also been reported
to have several applications in detecting NO,,133! NH;, 34
H,,31 and various volatile organic compound gases such
as ethanol, isopropyl alcohol, methanol, and acetone.!3%-37]
Therefore, it is necessary to perform research on the selectiv-
ity of WOj3 nanowires/PS. Figure 9 shows the response values
of the sensor based on WO3 nanowires/PS to 1 ppm NO,,
20 ppm NHj3, 100 ppm isopropyl alcohol, 100 ppm ethanol,
and 100 ppm methanol at room temperature. The sensor has

a response to NH3 to some degree, but the response value is

1 ppm NO,

20 ppm NH;j

Gas

100 ppm isopropy alochol

100 ppm ethanol

100 ppm methanol

L L L L 1 L L 1 L L L L L
0 10 20 30
Sensor response

Fig. 9. Gas selectivity of WO3 nanowires/PS to various gases.

only about 3.7, which is much less than its response value to
NO; gas. In addition, there are no significant responses of the
sensor to other three kinds of gases (S is less than 2). There-
fore, WO3 nanowires/PS has a very good selectivity to NO,
gas.

4. Conclusions

High-density, monocrystalline W;gO49 nanowires on PS
are synthesized via a simple annealing treatment. The well-
aligned nanowires exhibit uniform diameters, identical length
values, and high density. The annealing treatment on the as-
prepared sample can lead to the production of WO3 nanowires
without changing morphology. Compared with the pure
WO3 nanowire sensor and the pure PS sensor, the WO3
nanowires/PS sensor exhibits a p-type semiconducting behav-
ior with high sensitivity and good selectivity to different con-
centrations of NO; gas at room temperature. These results in-
dicate the necessity of further studying the WO3 nanowires/PS
hybrid structure for NO, detection.
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