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Preparation and room temperature NO;-sensing performances
of porous silicon/V,05 nanorods*
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In this paper, porous silicon/V,05 nanorod composites are prepared by a heating process of as-sputtered V film on
porous silicon (PS) at 600 °C for different times (15, 30, and 45 min) in air. The morphologies and crystal structures of
the samples are investigated by field emission scanning electron microscope (FESEM), x-ray diffractometer (XRD), x-ray
photoelectron spectroscopy (XPS), and Raman spectrum (RS). An improved understanding of the growth process of V,Os5
nanorods on PS is presented. The gas sensing properties of samples are measured for NO; gas of 0.25 ppm~3 ppm at 25 °C.
We investigate the effects of the annealing time on the NO;-sensing performances of the samples. The sample obtained at
600 °C for 30 min exhibits a very strong response and fast response-recovery rate to ppm level NO,, indicating a p-type
semiconducting behavior. The XPS analysis reveals that the heating process for 30 min produces the biggest number of
oxygen vacancies in the nanorods, which is highly beneficial to gas sensing. The significant NO; sensing performance of
the sample obtained at 600 °C for 30 min probably is due to the strong amplification effect of the heterojunction between
PS and V;05 and a large number of oxygen vacancies in the nanorods.
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1. Introduction

Today, NO; sensor is the need of the hour that could
have high sensitivity and low operating temperature at low
concentrations. Solid-state resistive-type gas sensors based
on one-dimensional metal oxide semiconductors (1D MOS)
with large surface-to-volume ratios, have been widely used
for sensing NO, gas.!'™ Despite the promising potential of
1D MOS for NO;, gas sensor applications, some aspects such
as improvement of sensitivity, low selectivity and high op-
erating temperature are persistent challenges to their actual
implementation. Many recent studies have shown that the
important sensing parameters of 1D MOS sensors can be
improved by making the composite with others,) e.g., no-
ble metals, 8! dissimilar metal oxides,~'* organics,!'>! and
other semiconductors. 1611

As two kinds of important semiconductors, V,0s and
porous silicon (PS) have gained more and more attention over
the past decade.!?°??l V,05 offers the possibility to be a re-
liable sensing material due to its layered crystal structure.
To date, 1D V,05 nanostructures have been used for detect-
ing gases such as ethanol?>?*! and ammonia.>>2°! However,
there are rare reports about V,0Os5 based NO, sensors. Yu et
al.”>") reported V,05 nanotubes response to both ethanol va-
por and NO» gases at 80 °C. This sensor has two shortcomings
including poor selectivity between gases and relatively high
operating temperature (e.g. 80 °C).
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PS has been used extensively for detecting NO; at low
temperatures due to its large specific surface area and high

chemical reactivity.[2028]

However, the instability of gas-
sensitivity and lack of thermal stability restrict the commercial
applications of PS. A gas sensor based on composites of PS
and low-dimensional nanomaterials may be beneficial for en-
hancing gas response properties for their synergetic enhance-
ment or heterojunction effects. There are rare reports about
the gas sensing properties of PS and metal oxide nanostruc-
tures (ZnO, WO3, etc.).[>31] The special composites exhibit
a significant improvement on gas sensing performances with
respect to the monocomponent, therefore the heterojunction
barrier-controlled sensing mechanism is proposed. In our pre-
vious work, the high sensitivity and selectivity of the PS/V,05
nanorods to NO, gas at room temperature were reported, but
no detailed study on the growth mechanism of the nanorods on
PS nor the effect of the synthesis process on its NO,-sensing
performance was conducted.

In the present work, the PS/V,0s composite is prepared
by a very simple non-catalytic one-step process of directly
annealing PS/V film. We describe the growth process of the
V;,05 nanorods synthesized from V film on the PS substrate.
The effects of heat treatment on the microstructure and gas
sensing properties of the samples are investigated. Field emis-
sion scanning electron microscope (FESEM) is used to study
the surface morphology. The crystalline properties and phases
are determined by an x-ray diffractometer (XRD) and Raman
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analysis. X-ray photoelectron spectroscopy (XPS) is used to
determine the chemical composition of the samples.

2. Experiment

PS was prepared by the galvanostatic electrochemical
etching of p-type monocrystalline silicon (100) wafer (resis-
tivity 10 Q-cm—15 Q-cm). The electrolyte was a mixture of
40 wt% HF and 99.5 wt% N, N-dimethyl formamide with 1:2
volume ratio. The anodization was performed for 8 min with
an etching current density of 100 mA/cm? as described in our
previous work. 32! The average pore size of the obtained PS is
~ 1.2 pm in diameter and 12 pm in depth. The porosity of the
porous layer is 39%—42%.

The V205 nanorods on PS were prepared through mag-
netron sputtering followed by annealing as described in our
previous work.[33 Firstly, a V film with a thickness of ~
300 nm was deposited on PS by DC magnetron sputtering.
The sputtering conditions were as follows: 2 mm in diam-
eter, 3-mm thick V target (purity 99.999%); input power of

(b)
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135 W; chamber atmosphere of 2-Pa Ar; deposition carried
out for 40 min. The V-deposited PSs were subsequently an-
nealed in air at 300, 400, 500, and 600 °C for different times
(15, 30, and 45 min) in a standard program-controlled furnace
with a heating rate of 5 °C/min. After the annealing process,
the samples were cooled down inside the furnace to make the
V,0s nanorods suitably crystallized and stabilized. As a re-
sult, different V,0Os nanostructures were obtained on PSs.

The different V,05 nanostructures formed on PSs were
analyzed by using various characterization techniques. FE-
SEM (FEI Nanosem 430) and transmission electron mi-
croscopy (TEM, Tecnai G2 F20) were employed to examine
microstructures. XRD (D/MAX 2500) with Cu Ka radiation
was used to investigate the phases and crystalline structures of
samples. XPS (Perkin elemer PHI-1600 ESCA System) with a
Mg K, excitation source was used to characterize the surface
elemental composition distribution profile and chemical state.
Raman spectrum (RS) (Thermo Scientific confocal DXR Ra-
man microscope) with a 532-nm wavelength Nd:YAG laser
was used to characterize the bond configuration.

digital multimeter

g gas In

(g B
08 3 AT
PS layer iiill"“il““. '

Si wafer
gas sensor

_v=s, thermo-
= 4 = hygrometer,

heating plate

test chamber

PID temperature
controller

Fig. 1. (color online) Schematic diagram of (a) the resistive-type nanocomposite gas sensor and (b) the gas sensing measurement

system.

The gas sensing properties of PS/V,0s5 composites were
evaluated in a static gas sensing characterization system con-
sisting of a glass test chamber, a flat heating plate, a pro-
grammable digital multimeter and data acquisition system. 34!
In order to realize the electrically ohmic connection between
the sensor and the digital multimeter, two ~ 120-nm-thick
Pt film electrodes were deposited onto the surface of the
PS/V,05 composite by magnetron sputtering. Figures 1(a)
and 1(b) show the schematic diagrams of the resistive-type
gas sensor and the gas sensing test system respectively. In
the whole measuring process, NO, gas was introduced into
the chamber directly to obtain the desired concentration, and
the ambient relative humidity was about 30% which was con-
trolled by using a dehumidifier. The sensitivity was defined as
R,/ R, where R, and Ry are the electrical resistances in air and

in NO; gas, respectively.

3. Results and discussion
3.1. Structure characterizations

Figure 2 shows the XRD patterns of different V,05
nanostructures on PS synthesized in air atmosphere for 30 min
in a temperature range of 300 °C—600 °C. The absence of ob-
vious diffraction peaks demonstrates that the 300 °C—400 °C
annealed sample has an amorphous structure. It indicates that
the heating treatment of V film below 400 °C in air did not in-
duce significant crystallinity. Only small peaks appear even
for the sample heat-treated at a temperature of 500 °C, in-
dicating significant crystallinity in the structure of PS/V,0s,
whereas after heat-treatment at 600 °C in air, the sample has a
sharp diffraction peak. All recognizable diffraction peaks, ob-
tained at 20 = 15.484°, 20.412°, 21.847°, 26.315°, 31.197°,
41.443°, can be well indexed to an orthorhombic V;,0s phase
with a lattice parameter of a = 11.48 A b=436A,c=355A
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(JCPDS:72-0598). The strongest sharp peak appears at 20 =
20.39°, corresponding to the V,05 (010).
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Fig. 2. (color online) XRD patterns of V,0s products on PS synthe-
sized at different temperatures for 30 min.

Figures 3(a)-3(d) show the SEM images of the as-
prepared V film with 300 nm in thickness on the PS surface,
and the samples annealed at 400, 500, and 600 °C for 30 min
in air atmosphere respectively. It is clear that the surface mor-
phologies mainly depend on the annealing temperature just as
indicated in other reports. 339 The as-deposited V film shows
a continuous surface with small grain size on the surface of
the PS skeleton, while the grain size of V,0s nanostructures
increases with the increase of annealing temperature. Remark-
ably, only particles were produced at 400 °C; with a temper-
ature increase, both the number of particles and the sizes of
the particles increase, and nearly layered crystal particles ap-
pear at 500 °C; at a temperature of 600 °C, long striped V,0s5
nanorods with a typical size of about 6 pmx0.1 umx0.04 um
were synthesized on the PS surface (Fig. 3(d)).

2 ym

Fig. 3. SEM images of (a) the as-deposited V film with 300 nm in thick-
ness on the PS surface, and annealed samples for 30 min at (b) 400 °C, (c)
500 °C, and (d) 600 °C respectively.

In order to investigate the synthesis process of the V,0Os
nanorods on PS deeply, we anneal the as-deposited V film on
PS at 600 °C for different times (15, 30, and 45 min) in air
atmosphere. The surface morphologies and XRD patterns of
the samples annealed at 600 °C for different times are shown
in Figs. 4(a)—4(c). As shown in Figs. 4(a), 4(b), and 3(d), for
different heat-treated times (15 min—45 min), V,05 nanorods
show slight modifications in size and quantity. Figure 4(c)
shows the XRD patterns of V,0O5 nanorods formed on the PS
at 600 °C for different times. All the recognizable diffrac-
tion peaks of the PS/V,0s prepared at 600 °C for 15, 30, and
45 min agree with those of an orthorhombic V,0s5 listed in
JCPDS card No. 72-0598. Yet, the XRD intensity of PS/V,0s5
prepared at 600 °C for 15 min is weaker than those for 30 min
and 45 min. The XRD intensity of V,Os is almost unchanged
by increasing the heat-treated time (> 30 min).
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Fig. 4. (color online) SEM images of PS/V,0s nanorods annealed at 600 °C
for (a) 15 min and (b) 45 min. (c) XRD patterns of V,0Os nanorods synthe-
sized at 600 °C for different times.

The microstructures of V,0Os nanorods annealed at
600 °C are further confirmed using XPS. Figures 5(a)-5(c)
show the high resolution core level V 2p spectra. The literature
reported binding energy (Ey,) for V 2p3 5 is (517+£0.3) eV. 1371
The observed values of 517.04, 517.15, and 517.12 eV for the
samples annealed for 15, 30, and, 45 min respectively agree
well with those of V3% in V,05. It is noteworthy that the
sample annealed for 30 min shifts the V 2p3,, peak up to
517.15 eV. This can be explained by considering the fact that
if an oxygen vacancy exists in the nanorods, the electronic
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density near its adjacent V atom decreases, which raises the
V 2p3; level banding energy. It can be concluded that more
oxygen vacancies exist in the sample annealed for 30 min than
in the samples annealed for 15 min and 45 min. This indi-

cates that oxygen vacancies exist in the V,0Os5 nanorods; what

is more, more oxygen vacancies remain in the sample annealed
for 30 min than the samples annealed for 15 min and 45 min.
Oxygen vacancies play an important role as adsorption sites
for gaseous species and eventually a minor shift of the £, may

imply greatly enhanced gas sensitivity.3®]
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Fig. 5. (color online) High resolution XPS core level V 2p spectra of PS/V,0s nanorods annealed at 600 °C for (a) 15 min, (b) 30 min, and (c) 45 min.

To further investigate the microstructure of PS/V;0s
nanorods at 600 °C for 30 min, the RS is measured, which is
shown in Fig. 6. The sharp peak at 516.23 cm ™! belongs to the
PS substrate. Those peaks located at 140.45, 279.80, 698.25,
and 990.55 cm™!, can be indexed to the Raman signature of
the V,0s crystal. 3! The predominant low-wavenumber band
at 140.45 cm™! is attributed to the skeleton bent vibration, and
the peak at 279.80 cm~! is from the bending vibrations of the
Oc—V-0Og bond. The stretching vibration of the V-O¢ bond
occurs at about 698.25 cm~!. The layered structure of V,05
is stacked up from the distorted trigonal bipyramidal coordina-
tion polyhedron of oxygen atoms around vanadium atoms. [4°]
The mode of the skeleton bent, corresponding to the peak at
140.45 cm™!, is the evidence for the layered structure of V,0s5

1

nanorods. Furthermore, the peak at 990.55 cm™", correspond-

ing to the stretching of the V=0 bond, is also a significant clue
to the layer-type structure property of V,05 nanorods. 4?)
Through analyzing the morphological and structural char-
acteristics of V,0Os nanorods grown on PS, we try to explain
the growth mechanism of the nanorods. We suppose that the
process of V,0s nanorods is related to the surface morphol-
ogy of the substrate PS and the annealing temperature. Boston
et al.'*" indicated that sites on the rough surface of the porous
matrix act as microcrucibles and thus provide an insight into
the mechanism that drive metal oxide nanowire growth at high
temperatures. According to the result of Zou et al.,’ after
annealing in oxygen ambience, the as-sputtered amorphous
V105 films on glass substrates dramatically transform into
V,0s5 nanorods and large V,Os5 particles on Si substrate, be-

cause on the glass, the as-prepared V,05 shows a textured sur-
face, while the as-prepared film on Si is much smoother.

140.45
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990.55
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Fig. 6. Raman spectrum of PS/V,0s nanorods annealed at 600 °C for
30 min.

Here, V granular film deposited on PS reacts with O, in
air ambience with furnace temperature increasing. But the post
annealing treatment below 400 °C does not provide enough
energy to form a crystal structure, resulting in the amorphous
V;,0s5. The next crystallization process of amorphous V,0s5 is
sensitive to the temperature in a range from 400 °C to 500 °C.
Furthermore, the rough surface of the substrate PS can act as
the nucleation site to benefit the growth of V,0Os5 nanorods,
and the thermodynamic-related surface diffusion controls the
process at high temperatures. Ultimately, the initial V film
transforms into V,Os nanorods completely after annealing at
600 °C. The crystallization process is illustrated in Fig. 7.
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Fig. 7. (color online) Schematic drawing of the formation process of V,0Os5 nanorods.

3.2. NO;-sensing performances

As reported in our previous work, the optimum operating
temperature of PS/V,0s nanorods is 25 °C.[33 Thus the sub-
sequent gas sensing measurements are carried out at 25 °C.

Figure 8(a) shows the relationships between NO, con-
centration and sensitivity of PS/V,0s nanorods synthesized
at 600 °C for different times at room temperature. As shown
in Fig. 8(a), all the sensitivity values (R, /R,) are larger than 1
at 25 °C, which implies that the PS/V,05 nanorods indicate a
typical p-type semiconductor behavior to NO; gas. This phe-
nomenon is attributed to the heterojunction between PS and
V,0s, which has been discussed in our previous report. 33!
What is more, the sample synthesized at 600 °C for 30 min ex-
hibits a higher sensitivity than the others in the whole concen-
tration range from 0.25 ppm to 3 ppm (according to Fig. 8(a)),
which is mainly due to its improved properties in crystallinity
and oxygen vacancies.

Figure 8(b) shows the dynamic responses of the sample
synthesized at 600 °C for 30 min to NO, with different con-
centrations. As shown in Fig. 8(b), the resistance variation of
the sample is strongly dependent on NO, concentration, and
its lower limit of detection of NO, is 0.25 ppm with a sensi-
tivity of 1.65, while its sensitivity to NO, of 3 ppm is 9.43.
Resistance of the sample dramatically decreases upon expo-
sure to NO, gas and completely returns to its original value
after evacuating the unused gas from the chamber, indicating
a p-type conductive property.

Furthermore, listed in Table 1 are the NO; gas responses

of the PS/V,05 nanorods sensor with those of other reported
V,0s5 sensors. It should be noted that the NO, concentration
and the operating temperature used in the present study are
lower than those in previous works but the response is higher

than that of those gas sensors.
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Fig. 8. (color online) (a) NO, concentration-dependent response val-
ues of PS/V,0s nanorods at 25 °C. (b) Dynamic response curve of
PS/V,05 nanorods annealed at 600 °C for 30 min to various concen-
trations of NO, at 25 °C.

Table 1. Comparisons of the response, NO; testing concentration and operating temperature between the PS/V,05 nanorods and other V,0s5

Sensors.

Nanomaterials Response NO, concentration/ppm Temperature/°C Ref.
V;,05 nanotubes 1.11 5 80 [27]
1D ZnO-V, 05 8 5 350 [42]
1D Sn0O,/V;,0s5 core-shell 1.03 10 300 [43]
V,05-WO3 film 9 10 250 [44]
PS/V;,05 nanorods 9.43 3 RT present

The response time and recovery time of the PS/V,0s
nanorods synthesized at 600 °C for 30 min each as a function

of NO; concentration is shown in Fig. 9. It can be seen that the

response time decreases from 96 s to 10 s, whereas the recov-
ery time increases from 282 s to 474 s with NO, concentration

increasing from 0.25 to 3 ppm, respectively. As expected, the
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sensor shows a fast response characteristic, which is very im-
portant in the gas-sensing applications. Yet, the relatively long
recovery time remains to be improved. Meanwhile, it is ob-
served that the response time and recovery time vary inversely
with target gas concentration. A higher NO, concentration
implies that NO, gas molecules can diffuse more sufficiently
in the test chamber and into the PS/V,05 nanorods compos-
ite. Therefore, a shorter response time and a larger resistance
change are achieved, while the weaker ability to desorb the

large quantity of gas species results in a prolonged recovery

time.
500 |- —— response time
r —@— recovery time
400 -
w 300
= ool
£ 200
100 - I—l\-\.\.
0 -
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1 1 1 1
0 0.5 1.0 1.5 2.0 2.5 3.0

NO; concentration/ppm

Fig. 9. (color online) Variations of response time and recovery time
of the PS/V,05 nanorods synthesized at 600 °C for 30 min with NO,
concentration.

Since V;,0s5 behaves as an n-type semiconductor in gas
sensing which is controlled by the surface conductance, the
hetero-structure (p-PS/n-V,0s) is formed at the interface be-
tween them. In the hetero-structure, a depletion layer and
the associated potential barrier exist. Both the PS and V,05
nanorods can result in a specially large density of oxygen va-
cancy defects and dangling bonds, which makes the surface of
the PS/V,0s composite much more active in absorbing oxy-
gen. The enhanced oxygen molecules adsorbed on the surface
capture more free electrons from the conducting band. As a
result, the depletion region is increased and the band bending
is further, leading to an inversion layer instead of a depletion
layer and indicating a p-type semiconductor property. As ob-
served in XPS analysis, the sample synthesized at 600 °C for
30 min attains the maximal number of oxygen vacancies on

the surface, leading to its greatest response to NO,.

4. Conclusions

A composite of PS/V,05 nanorods is fabricated by an
efficient non-catalytic method based on heating sputtering-
deposited pure V film on PS in air at 600 °C. The process of
the V,0s nanorods growth on PS is investigated. The rough

surface of the substrate PS acts as the nucleation sites to benefit
the growth of V,0s nanorods, and the thermodynamic-related
surface diffusion controls the process at high temperatures.
Oxygen vacancies are introduced into the composite structure
in the annealing process. All the samples indicate a p-type
conductive sensing behavior to NO; gas at 25 °C. However,
the sample annealed at 600 °C for 30 min shows the strongest
response to ppm level NO; with a fast response-recovery rate,
owing to its improved crystallinity and significant oxygen va-

cancies.
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