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Abstract

We report the room-temperature sensing characteristics of Si nanowires (NWs) fabricated from
p-Si wafers by a metal-assisted chemical etching method, which is a facile and low-cost method.
X-ray diffraction was used to the the study crystallinity and phase formation of Si NWs, and
product morphology was examined using scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). After conﬁrmation of Si NW formation via the SEM and TEM
micrographs, sensing tests were carried out at room temperature, and it was found that the Si NW
sensor prepared from Si wafers with a resistivity of 0.001–0.003 Ω.cm had the highest response
to NO2 gas (Rg/Ra=1.86 for 50 ppm NO2), with a fast response (15 s) and recovery (30 s) time.
Furthermore, the sensor responses to SO2, toluene, benzene, H2, and ethanol were nearly
negligible, demonstrating the excellent selectivity to NO2 gas. The gas-sensing mechanism is
discussed in detail. The present sensor can operate at room temperature, and is compatible with
the microelectronic fabrication process, demonstrating its promise for next-generation Si-based
electronics fused with functional chemical sensors.
Supplementary material for this article is available online
Keywords: porous Si, Si nanowire, NO2, gas sensor, room temperature
(Some ﬁgures may appear in colour only in the online journal)
their application [1]. Another issue in common with metal
oxide gas sensors is a lack of compatibility with modern
semiconductor technology, which is largely based on Si.
Therefore, there is great demand to use room-temperature gas
sensors that are compatible with the electronic industry and
use very little power. Even though different strategies, such as
surface modiﬁcation by noble metals [2], realization of
nanocomposites [3], and illumination [4], have been applied
to enhance room temperature performances of gas sensors,
they are not suited for the semiconductor industry.
Si, which is the most abundant semiconductor element on
Earth, is currently the most important material for commercial
electronic applications because of its non-toxicity, high

1. Introduction
Gas sensors based on metal oxides usually require a high
working temperature of 150 °C–400 °C, which decreases
sensor stability and lifetime owing to the growth of metal
oxide grains at high temperatures. Furthermore, when
detecting ﬂammable or explosive gases, the sensors risk
ignition, thus limiting the extent of their applicability.
Another disadvantage of high-temperature operation is that
the sensors consume a signiﬁcant amount of power, which for
many applications, including portable devices, widely limits
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carrier mobility and stability, and well-known synthesis
methods [5]. In the area of sensing, porous Si has promising
merits, mostly because of its very high speciﬁc surface area,
plenty of diffusion channels, and high surface activity.
However, the lack of thermal stability and the instability of
gas sensitivity limit its practical utilization [6].
With the development of a variety of nanomaterials and
nanostructures [7–9], an alternative Si-based material is a Si
nanowire (NW). Recently, Si NWs have become very popular
due to their ease of formation and huge surface area to volume
ratio, making it possible to control surface morphology by
changing formation parameters [10]. Most importantly, Si
NW-based devices have excellent compatibility with verylarge-scale integration processes and complementary metal–
oxide–semiconductor technologies. They have also attracted
extensive attention for nanoscale devices, including batteries
[11], solar cells [12], biosensors [13], and thermoelectrics
[14]. In the sensing area, however, Si NWs are easily oxidized
at high temperatures in air due to their high surface activity,
which will in turn affect the performance of the sensor [15].
Thus, the development of room-temperature Si NWs gas
sensors is a major challenge for gas sensor scientists.
For the fabrication of Si NWs, many techniques based on
bottom-up or top-down approaches are currently used. Based
on the ﬁrst approach, techniques like laser ablation [16],
the vapor–liquid–solid (metal-catalytic) method [17, 18], the
solid–liquid–solid method (metal-assisted) [19], and the
oxide-assisted growth method [20] have been reported to
synthesize Si NWs. Disadvantages, such as a need for high
temperatures, ignitable Si source precursors, small yields, and
sometimes high vacuum facilities, limit extensive use of these
techniques [21, 22]. Currently, top-down approaches are
regarded as very attractive methods mainly due to their
ﬂexibility and precision in Si NW synthesis. However,
methods such as electron beam lithography [23] and reactiveion etching [24] are expensive and time-consuming, and thus
limit the mass fabrication of Si NWs. Thus, the emergence of
inexpensive and facile top-down methods is required to
synthesize Si NWs [25]. Among various top-down methods,
the metal-assisted chemical etching (MACE) method is the
most popular because it is cheap, facile, and suitable for largescale synthesis. MACE was ﬁrst proposed for the synthesis of
aligned Si NWs in HF–AgNO3 solution by Peng and his coworkers [5] in 2002. In MACE, a Si substrate is partially
coated with a noble metal such as Ag, which acts as a catalyst,
and then it is immersed in a HF solution containing an oxidative agent. Therefore, only noble metal-coated parts are
etched away; moreover, the etching is highly anisotropic,
which allows the formation of straight and deep pores [26].
As far as we know, there has been no systematic
investigation of the effect of initial resistivity of Si wafers on
the gas-sensing properties of Si NWs. In this study, we synthesized Si NWs using the MACE method and from three
p-Si wafers with different resistivities: 1–20, 0.1, and
0.001–0.003 Ω.cm. Their gas-sensing characteristics for a few
gases, such as NO2, SO2, ethanol, and H2, were tested at room
temperature, and then compared. It was revealed that Si NWs
sensors fabricated from Si wafers with the lowest resistivity

showed the best gas-sensing performance, where their
response to NO2 was very excellent while showing no
response to other interfering gases.

2. Experimental details
2.1. Synthesis of Si NWs

The synthesis steps for the fabrication of porous Si NWs are
presented in ﬁgure 1. 〈100〉 Si wafers with different resistivity
values of 1–20, 0.1, and 0.001–0.003 Ω.cm were selected as
the original wafers. An early sonication process with an ethanol/acetone solution for 30 min was used remove the native
oxides and pollutants on the surfaces of Si. Afterward, they
were immersed in the HF aqueous solution (HF: H2O=1:1)
for 5 min, and rinsed completely with deionized (DI) water.
Then, the wafers were electrochemically etched by immersion
into a silver-deposition solution including HF (60 ml), AgNO3
(45 ml), and H2O (225 ml) at 50 °C for 1 h. After formation of
a thin layer of Ag nanoparticles, to remove extra Ag ions, the
wafers were rinsed with the HNO3 solution for 60 s. Afterward,
they were put into an aqueous etchant solution comprising of
HF (HF: H2O=1:1) for 5 min, and then washed with DI.
After drying in a vacuum oven, Si NWs were prepared.
To detach the Si NWs, the etched Si wafers were
immersed in ethanol and sonicated for 30 min, and then the
ﬂoating Si NWs were collected and sprayed onto quartz
substrates, which were placed on a hot-plate at ∼80 °C. Then,
the Si NWs ﬁlms were kept in a vacuum dry oven at 50 °C for
5 h to remove pollutants from their surfaces.
2.2. Materials characterization

The morphology and microstructure of synthesized Si NWs
were fully studied using a scanning electron microscope
(SEM; Hitachi S-4200) and transmission electron microscope
(TEM; Philips CM-200) operating at a 200 kV voltage. The
phase, purity, and crystallinity of synthesized Si NWs were
examined by x-ray diffraction (XRD; Philips X-pert MRD
x-ray diffractometer) using CuKα radiation (λ=1.548 Å).
Surface area was measured by a Brunauer–Emmett–Teller
(BET) instrument (3FLEX Model, Micromeritics).
2.3. Gas-sensing tests

The fabrication process of the gas sensors was similar to that
described elsewhere [27–30]. To fabricate Si NWs gas sensors, double-layer Ti and Au electrodes were serially sputterdeposited on the specimens by an interdigital electrode mask.
For this purpose, a turbo sputtering system with titanium and
gold targets (2 in diameter with 99.99% purity) was used. The
obtained double-layer electrodes were ∼300 nm in thickness,
and were comprised of Ti (∼200 nm) and Au (∼100 nm)
layers. During the sensing measurement process, the change
in the electrical resistance (R) of the sensor when the target
gas was introduced and stopped was continuously monitored
and recorded by a computer. The gas-sensing properties were
assessed through the response value of the sensor, which was
2
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Figure 1. Synthesis steps of the Si NWs.

deﬁned as R=Rg/Ra (for oxidative gases) and R=Ra/Rg
(for reducing gases), where Rg and Ra are the resistances of
the sensor in the presence of the target gas and synthetic air,
respectively. The response time was deﬁned as the required
time for 90% of the ﬁnal change in the resistance upon
exposure to the target gas, and the recovery time was the time
needed for resistance to return to its 90% initial values after
injection of air. Figures 2(a) and (b) show schematics of the
sensing system and sensor device, respectively.

diffraction peaks (111), (220), and (311) at 2θ=28.4, 47.2, and
56.2°, respectively, which belong to crystalline Si [31], with a
lattice constant of a=0.542 nm (JCPDS Card No. 27-1402)
[32]. There were no impurities detected from these patterns,
which illustrates the high purity of the staring Si wafers and
successful MACE process. All three peaks were quite broad,
indicating the nano-sized nature of crystallites. The crystallite
size, D, was obtained using Scherrer’s equation [33]:
D=

kl
,
b cos q

(1 )

where k is the Scherrer constant (∼0.9), λ is the x-ray wavelength of the CuKα radiation, θ is the Bragg angle of a given
reﬂection, and β denotes the full width at half maximum of the
peak in radians. The (111) plane was chosen for calculation of
the crystallite size, and according to the above formula the
crystallite sizes were approximately 50 nm for all samples.

3. Results and discussion
3.1. Structural and morphological studies

Figure 3 contains the XRD spectra of Si NWs fabricated from
three p-Si wafers. All three samples showed three characteristic
3
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Figure 2. Schematic representation of (a) the gas-sensing system and (b) the fabricated sensor.

differences in the alignment of the Si NWs. In more detail,
1–20 Ω.cm and 0.1 Ω.cm Si NWs samples show a nearly
vertically aligned morphology, whereas 0.001–0.003 Ω.cm Si
NWs show a bundle of NWs with a curved alignment.
According to SEM micrographs, the length of Si NWs can be
estimated as about 10 μm. A more clear difference can be
observed in TEM micrographs, in which 1–20 Ω.cm Si NWs
show a smooth morphology, 0.1 Ω.cm Si NWs show a rugged
morphology, and 1–20 Ω.cm Si NWs show a serpentine
morphology. Diameters of the synthesized Si NWs are
roughly 50 nm according to TEM micrographs, indicating the
nano-sized nature of the synthesized Si NWs.
Figure 5(a) contains a low-resolution TEM image of a
0.001–0.003 Ω.cm Si NW, with a good representation of a
special serpentine morphology; ﬁgure 5(b) presents a highly
resolved TEM image, where interplanar spacings of 0.271,
0.313, and 0.313 can be attributed to (200), (111), and (111)
planes of face-centered diamond-cubic Si [34, 35].
Figure 5(c) shows a corresponding selected area electron
diffraction (SAED) pattern. The SAED pattern was registered
normal to the NW axis, as it was indexed for the [011] axis of
the crystalline Si. Diffraction spots, corresponding to (022),
(111), and (200) lattice planes of Si, can be observed.

Figure 3. XRD pattern of the Si NWs prepared from Si wafers

with different resistivities: (a) 1–20 Ω.cm; (b) 0.1 Ω.cm; (c)
0.001–0.003 Ω.cm.

For 1–20 Ω.cm Si NWs, ﬁgures 4(a) and (b) show crosssectional SEM images, and ﬁgure 4(c) depicts a TEM image.
In regard to 0.1 Ω.cm Si NWs, ﬁgures 4(d) and (e) show
cross-sectional SEM images while ﬁgure 4(f) presents TEM
images. With respect to 0.001–0.003 Ω.cm Si NWs,
ﬁgures 4(g) and (h) show cross-sectional SEM images, and
ﬁgure 4(i) depicts a TEM image.
From the SEM images it can be seen that for all samples
Si NWs are formed with some space among them that can
facilitate gas diffusion among these NWs; there are also small

3.2. Gas-sensing studies

NO2, which is among the most harmful gases, comes from
combustion of fossil fuels and car exhaust. Exposure to NO2
causes lung irritation, decreases the ﬁxation of O2 on red
blood corpuscles, contributes to acid rain, as well as increases
ozone in the lower atmosphere [36]. Nowadays the concentration of NO2 gas has increased with increases in the
numbers of cars and houses [37]. Accordingly, fabrication of
sensors for the precise detection of NO2 is necessary.
4
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Figure 4. (a), (b) Cross-sectional SEM and (c) TEM images of Si NWs prepared from a Si wafer with a resistivity of 1–20 Ω.cm. (d), (e)

Cross-sectional SEM and (f) TEM images of 0.1 Ω.cm Si NWs prepared from a Si wafer with a resistivity of 0.1 Ω.cm. (g), (h) Crosssectional SEM and (i) TEM images of Si NWs prepared from a Si wafer with a resistivity of 0.001–0.003 Ω.cm.

Figure 6(a) compares the transient response of four different sensors, speciﬁcally 0.001–0.003 Ω.cm Si wafers,
0.001–0.003 Ω.cm Si NWs, 0.1 Ω.cm Si NWs, and 1–20 Ω.
cm Si NWs, upon exposure to 50, 20, and 10 ppm NO2 gas at
room temperature. It is quite obvious that only the
0.001–0.003 Ω.cm Si NWs sensor can show a good response
to NO2 gas, and other sensors do not exhibit signiﬁcant
responses. Figure 6(b) shows a dynamic response curve of the
0.001–0.003 Ω.cm Si wafer, exhibiting a very small response
to NO2 gas; the maximum response (Rg/Ra) for 50 ppm NO2
gas was close to 1. In contrast, sensors made from the
0.001–0.003 Ω.cm Si NWs (ﬁgure 6(c)) show improved
response to NO2 gas; its response to 50 ppm NO2 gas was
1.86, which is higher than that of the Si wafer sensor.
Figures 6(c) and (d) show dynamic response curves of 0.1 Ω.
cm Si NWs and 1–20 Ω.cm Si NWs, respectively. Both
exhibit a very small response to NO2 gas, and the maximum
response (Rg/Ra) for 50 ppm NO2 gas is close to 1. Furthermore, a p-type behavior is observed as the resistance
decreases upon exposure to NO2 gas, which is a strong oxidative gas.

Figure 5. (a) TEM image, (b) lattice-resolved TEM image, and

(c) SAED pattern of Si NWs prepared from a Si wafer with a
resistivity of 0.001–0.003 Ω.cm.

5
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Figure 6. (a) NO2 responses of different Si NWs sensors prepared from Si wafers with different resistivities at room temperature; (b) response

of the Si wafer; and (c)–(d) responses of different p-Si NWs to 50, 20, and 10 ppm NO2 at room temperature.

Based on ﬁgure 6(a), for Si NWs sensors, it is noteworthy
that the sample with the lowest resistance exhibits the highest
sensor response. The ratio of the resistance before exposure to
NO2 (Ra) and after exposure to NO2 (Rg), namely R=Ra/Rg, is
deﬁned as a sensor response. A higher concentration of holes in
the p-type sensing materials corresponds to a low initial

resistance. With the introduction of NO2 gas, the resistance
decreases. If we assume that the resistance can be increased by
the same amount, regardless of the value of the initial resistance,
a lower initial resistance will bring about a higher value of R=
Ra/Rg, corresponding to a higher sensor response. Accordingly,
for Si NWs sensors, initial resistance affects the sensing behavior.
6
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Figure 7. (a) Sensor responses, (b) response times, and (c) recovery times of the Si NWs sensor with a resistivity of 0.001–0.003 Ω.cm toward
NO2 at room temperature. The NO2 concentrations were set to 10, 20, and 50 ppm.

On the other hand, based on ﬁgures 6(b) and (c), both
sensors, with the same initial resistance (i.e. 0.001–0.003 Ω.cm),
are fabricated from the same material, and the only difference
between them is their morphology. It can be deduced that the
morphology has a crucial effect on the gas-sensing characteristics.
This behavior can be attributed to the serpentine morphology of
0.001–0.003 Ω.cm Si NWs, as shown in ﬁgure 4(i), where this
special morphology can result in the adsorption of more NO2
molecules. In fact, since Si NWs have a signiﬁcantly larger
surface area in comparison to Si wafers, they provide a greater
amount of adsorption sites, resulting in a higher response to NO2.
To further investigate the role of surface area on
the sensing performance, the BET surface area of different
sensors was obtained (ﬁgures S1–S3 are available online
at stacks.iop.org/NANO/29/294001/mmedia, supplementary information). The results demonstrated that the largest
surface area (0.1340 m2 g−1) was attributed to the porous
Si NWs prepared from the Si wafer with a resistivity of
0.001–0.003 Ω.cm, which was much larger than those for
porous Si NWs prepared from the Si wafer with a resistivity of
0.1 Ω.cm (0.0503 m2 g−1) and porous Si NWs prepared from
the Si wafer with a resistivity of 1–20 Ω.cm (0.0013 m2 g−1).

From the BET analysis, we obtain a maximum surface
area of 0.1340 m2 g−1; however, this value is likely to be
incorrect. Indeed, in our fabrication procedure, we make Si
NWs and then separate them from Si wafer by sonication.
With this procedure, we can obtain ∼0.001 g Si NWs in each
experiment. To obtain the reliable data from the BET
equipment (3FLEX Model, Micromeritics), 0.3 g of sample is
needed. This means that we need to repeat the experiments
many times (∼300 times). Accordingly, we cannot obtain the
sufﬁcient amount of Si NWs for BET measurements, and
therefore we use 0.003 g Si NWs for BET tests. Table S1
(supplementary information) presents the BET surface area of
porous Si NWs and nanoparticles reported in previous papers.
For porous Si NWs, the BET surface area is measured to be in
the range of 100–600 m2 g−1. Therefore, we assume that the
genuine BET surface area of our sample will be in the range
of 100–600 m2 g−1.
Accordingly, we surmise that not only the low initial
resistance but also the larger surface area will contribute to the
enhancement of the sensing behavior.
Figure 7(a) shows the sensor responses of
0.001–0.003 Ω.cm Si NWs for NO2 gas as the concentration
7
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to 1.12 for 10 ppm NO2, 1.46 to 1.27 for 20 ppm NO2, and
1.86 to 1.53 for 50 ppm NO2. The possible reason for this
decrease in response is a decrease of adsorption sites on the
surface of the sensor. Owing to air exposure, the surfaces of
the Si NWs can be gradually converted to SiO2 with a much
higher resistivity and much lower sensing capability compared to Si.
Oxygen species play an important role on the gas-sensing
properties of semiconductor-based gas sensors because they
can be adsorbed on the surfaces of the sensing layer through
the following reactions [39].

Figure 8. The effect of humidity on the response of the Si NWs

sensor with a resistivity of 0.001–0.003 Ω.cm. RT is room
temperature.

O2 (ads)  O2

(2 )

O2 (ads) + e-  O2- (ads)

(3 )

O2-(ads) + e-  2O-(ads)

(4 )

Accordingly, a space-charge layer that is electrondepleted is formed on the surface of Si NWs. It is well
known that NO2 act as an acceptor center. The electron
afﬁnity of the NO2 molecule is 2.27 eV [40], which considerably exceeds the analogous value for the oxygen
molecule (0.44 eV) [41]. The molecular oxygen ions,
i.e. O2-, are stable below 150 °C, while atomic oxygen ions
(O− and O2−) are stable above 150 °C [39]. Therefore, at
temperatures below 150 °C, O2- species are the predominant
ions on the surface. Since NO2 molecules cannot directly
react with O2- ions, when the sensor is exposed to NO2 gas
at room temperature, owing to a very high electronegativity,
the NO2 molecules adsorb on the surface of the Si NWs by
trapping electrons [42]:

was varied in the range of 10–50 ppm; the responses to 10,
20, and 50 ppm NO2 gas were about 1.16, 1.46, and 1.86,
respectively. Figure 7(b) indicates that the response times of
the 0.001–0.003 Ω.cm Si NWs sensor for 10, 20, and 50 ppm
NO2 gases were 60, 52, and 14 s, respectively. The response
time decreased as NO2 concentration increased. This occurred
because the NO2 gas needed time to reach to the surface of Si
NWs after injection into the gas chamber. The fewer number
of NO2 molecules resulted in a longer time for the Si NWs to
be covered with adsorbed molecules. Figure 7(c) indicates
that recovery times of the 0.001–0.003 Ω.cm Si NWs sensor
for 10, 20, and 50 ppm NO2 gases were 60, 29, and 26 s,
respectively. The good recovery characteristic was probably
related to the stable channels supported by the porous Si
NWs, which is an advantage for the outward diffusion of gas
molecules.
To study the effect of humidity on the sensing performance, the response of the Si NWs sensor with a resistivity of
0.001-0.003 Ω.cm in the presence of 40% and 80% relative
humidity (RH), was obtained (ﬁgure 8). Obviously, the
response of the sensor in the presence of humidity decreased.
For example, the gas responses to 10, 20, and 50 ppm NO2,
which were initially 1.16, 1.46, and 1.86, respectively, were
reduced to 1.07, 1.23, and 1.62, and 1.03, 1.15, and 1.35 at
40% and 80% RH, respectively. The water molecules were
adsorbed on the surfaces of the sensor, and prevented the
chemisorption of oxygen species and NO2 gas. Therefore, the
incoming NO2 gas molecules had less chance to be adsorbed
on the surfaces of the sensor, resulting in a lower
response [38].
The stability of the Si NWs sensor prepared from the Si
wafer with resistivity of 0.001–0.003 Ω.cm toward NO2 gas,
is shown in ﬁgures 9(a) and (b) for the fresh sensor and the
sensor that was preserved in the laboratory (25 °C) for one
month, respectively. As can be seen in the ﬁgures, the
response of the sensor after one month is a little decreased.
The response toward NO2 gas is slightly decreased from 1.16

NO2 (gas) + e-  NO2-(ads).

(5 )

Holes are the majority of carriers (a result of trapping
electrons by NO2 gas (equation (5))) in p-Si NWs, and as the
concentration of holes in the p-Si NWs increases, the
resistances will be decreased, bringing about the sensing
behavior. In the present sensor, the huge speciﬁc surface
area and small dimensions, which are in the range of the
Debye length of Si NWs, as well as the aligned pore channels producing a stable gas diffusion channel of Si NWs,
lead to good NO2 sensing characteristics.
Selectivity or cross-sensitivity means a higher response
of the sensor to a target gas in the presence of other interfering
gases. In fact, a gas sensor may be sensitive not only to the
targeting gas but also to the interfering gases. Figure 10
demonstrates the excellent selectivity of the 0.001–0.003 Ω.
cm Si NWs sensor to NO2 gas. Herein, the sensor responses
to other gases like H2, SO2, ethanol, toluene, and benzene
were exceptionally small in comparison with the NO2 gas. A
higher response to the NO2 gas will be ascribed to a high
electronegativity of the NO2 gas that can react with the
adsorbed oxygen ions as well as directly adsorb on the surface
of the Si NWs [43].
However, other gas species like H2 and volatile organic
compounds (VOCs) after physical adsorption need to react
with oxygen ions on the surfaces of the sensor for the sensor
to show a response. As an example, the reactions for ethanol,
8
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Table 1. Sensor responses of Si-based gas sensors reported in previous studies. RT is room temperature.

Material
Porous Si NWs

Gas
NO2

Conc. (ppm)
10

Response
1.16 (Rg/Ra)

Temp. (°C)
RT

Ref.
This work

Free-standing porous Si
Porous Si
Porous Si
Vertically aligned Si NWs
Porous polysilicon
Nanoporous Si
Si NWs
Pd-modiﬁed porous Si
Pd-coated Si NWs
Si NWs
Si NWs

NO2
NO2
NO2
H2
Ethanol
Ethanol
H2
H2
H2
H2
NH3

0.5
1
1
50
40000
500
1000
1%
1000
not mentioned
1000

30 (I/I0)
35(ΔR)/Rg
1.6(Rg/R0)
17.1 (Ra/Rg)
30 (I/I0)
5.5 (ΔC/Ca)
2.325 (ΔR/Ra)
0.84 (ΔR/Ra)
1.80 (ΔR/Ra)
1.33 (Ra/Rg)
10000(Ra/Rg)

RT
RT
RT
100
RT
RT
RT
RT
RT
RT
RT

[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]

Figure 9. The stability of the Si NWs sensor with a resistivity of 0.001-0.003 Ω.cm: (a) fresh sample, and (b) after one month. RT is room

temperature.

Ethanol C2 H5 OH (ads) + 6O- (ads)
«2CO2 (gas) + 3H2 O + 6e-

(7 )

Toluene C7 H8 (ads) + 18O- (ads)
«7CO2 (gas) + 4H2 O + 18e-

(8 )

As stated before, there are no such atomic oxygen ions at
room temperature because their formation requires a high
energy that cannot be efﬁciently provided at room temperature. Furthermore, only molecular oxygen ions are present at
this temperature, and therefore the response of the sensor to
such gases is very low.
Figure 10. Responses of the Si NWs sensor prepared from the Si
wafer with a resistivity of 0.001–0.003 Ω.cm to different concentrations of indicated gases. The concentrations were set to 10, 20,
and 50 ppm.

4. Comparison with previous works
Table 1 compares the gas-sensing properties of the present
sensor with those reported in previous studies. By comparison, it can be seen that the present sensor, which can work at
room temperature, has an acceptable performance to lowconcentration NO2 gas. Even though many Si-based gas
sensors have been reported, works related to NO2 gas is

toluene, and benzene are reported below [44].
Benzene C6 H6 (ads) + 15O- (ads)
«6CO2 (gas) + 3H2 O + 15e-

(6 )
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[12] Wang X, Peng K-Q, Pan X J, Chen X, Yang Y, Li L,
Meng X M, Zhang W J and Lee S T 2011 Angew. Chem. Int.
Edit. 50 9861–5
[13] Zheng G, Patolsky F, Cui Y, Wang W U and Lieber C M 2005
Nat. Biotechnol. 23 1294–301
[14] Hochbaum A I, Chen R, Delgado R D, Liang W, Garnett E C,
Najarian M, Majumdar A and Yang P 2008 Nature 451 163–7
[15] Wang Z, Song C, Yin H and Zhang J 2015 Sens. Actuators, A
235 234–9
[16] Zhang Y F, Tang Y H, Wang N, Yu D P, Lee C S, Bello I and
Lee S T 1998 Appl. Phys. Lett. 72 1835–7
[17] Cui Y, Lauhon L J, Gudiksen M S, Wang J and Lieber C M
2001 Appl. Phys. Lett. 78 2214–6
[18] Ke Y, Weng X, Redwing J M, Eichfeld C M, Swisher T R,
Mohney S E and Habib M Y 2009 Nano Lett. 9 4494–9
[19] Chang J B, Liu J Z, Yan P X, Bai L F, Yan Z J, Yuan X M and
Yang Q 2006 Mater. Lett. 60 2125–8
[20] Zhang R Q, Lifshitz Y and Lee S T 2003 Adv. Mater. 15 635–40
[21] Lajvardi M, Eshghi H, Ghazi M E, Izadifard M and
Goodarzi A 2015 Mater. Sci. Semicond. Process. 40 556–63
[22] Chan J C, Tran H, Pattison J W and Rananavare S B 2010
Solid-State Electron. 54 1185–91
[23] Cui Y, Wei Q, Park H and Lieber C M 2001 Science 293
1289–92
[24] Reyntjens S and Puers R 2001 J. Micromech. Microeng. 11
287–300
[25] Peng K Q, Wang X, Li L, Hu Y and Lee S T 2013 Nano Today
8 75–97
[26] Lo S R, Repetto L, Guida P, Angeli E, Firpo G, Volpe A,
Ierardi V and Valbusa U 2016 Solid State Commun. 240
41–5
[27] Park J Y, Asokan K, Choi S W and Kim S S 2011 Sens.
Actuators, B 152 254–60
[28] Choi S W, Park J Y and Kim S S 2009 Nanotechnol. 20
465603
[29] Park J Y, Choi S W, Lee J W, Lee C M and Kim S S 2009
J. Am. Ceram. Soc. 92 2551
[30] Kim H W, Shim S H, Lee J W, Park J Y and Kim S S 2008
Chem. Phys. Lett. 456 193–7
[31] Chong S K, Goh B T, Aspanut Z, Muhamad M R, Dee C F and
Rahman S A 2011 Chem. Phys. Lett. 515 68–71
[32] Bhuvanesh N S P and Reibenspies J H 2003 J. Appl. Crystal.
36 1480–1
[33] Mirzaei A, Janghorban K, Hashemi B, Bonyani M,
Leonardi S G and Neri G 2016 Ceram. Int. 42 6136–44
[34] Cole M W, Harvey J F, Lux R A, Eckart D W and Tsu R 1992
Appl. Phys. Lett. 60 2800
[35] Kim C S, Youn W K, Lee D K, Seol K S and Hwang N M
2009 J. Cryst. Growth 311 3938–42
[36] Patnaik P 2007 A Comprehensive Guide to The Hazardous
Properties of Chemical Substances 3rd edn (New York:
Wiley) p 405
[37] Brunet J, Talazac L, Battut V, Pauly A, Blanc J P, Germain J P,
Pellier S and Soulier C 2001 Thin Solid Films 391 308–13
[38] Kim H W, Kwon Y J, Mirzaei A, Kang S Y, Choi M S,
Bang J H and Kim S S 2017 Synthesis Sens. Actuators, B
249 590–601
[39] Wetchakun K, Samerjai T, Tamaekong N, Liewhiran C,
Siriwong C, Kruefu V, Wisitsoraat A, Tuantranont A and
Phanichphant S 2011 Sens. Actuators, B 160 580–91
[40] Zhou Z, Gao H, Liu R and Du B 2001 J. M. Str. Theochem.
545 179–86
[41] Sulka M, Pitonak M, Neogrady P and Urban M 2008 Int. J.
Quantum Chem. Lett. 108 2159–71
[42] Wei Y, Hu M, Yan W, Wang D, Yuan L and Qin Y 2015 Appl.
Surf. Sci. 353 79–86
[43] Park S, Ko H, Kim S and Lee C 2014 Ceram. Int. 40 8305–10
[44] Mirzaei A, Leonardi S G and Neri G 2106 Ceram. Int. 42
15119–41

relatively rare, and most researchers have reported a reducing
gas sensitivity of Si-based gas sensors.
5. Conclusion
In summary, Si NWs were synthesized from p-type Si wafers
with different resistivities using the MACE method. The
XRD results of all samples demonstrated the successful
synthesis of crystalline cubic Si, and SEM and TEM results
revealed the one-dimensional morphology of synthesized Si
NWs. The NO2 sensing results showed that Si NWs synthesized from p-Si wafers with a resistivity of 0.001–0.003 Ω.cm
exhibited a superior response in comparison to the other
sensors. The high response to NO2 gas accompanied with a
low response to other interfering gases made the Si NWs
sensor a selective sensor of NO2 gas. In addition, the response
time and recovery time for NO2 gases were very short. We
believe that such a sensor, working at room temperature with
adequate sensitivity, selectivity, fast response, and compatibility, is a good choice for next-generation chemical sensors
in the microelectronic industry.
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