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a b s t r a c t
In this study, a peculiar conﬁguration for a gas sensor consisting of vertically aligned silicon nanowires
(VA-Si NWs) synthesized by metal-assisted chemical etching (MACE) is reported. Si NWs were prepared
via a facile MACE method and subsequent thermal annealing. Etching was performed by generation of
silver nanoparticles (Ag NPs) and subsequent etching in HF/H2 O2 aqueous solution; the growth conditions
were optimized by changing the process parameters. Highly vertically oriented arrays of Si NWs with a
straight-line morphology were obtained, and a top–top electrode conﬁguration was applied. The VA-Si
NW gas sensor showed good sensing performance, and the VA-Si NWs exhibited a remarkable response
(Rg /Ra = 11.5 ∼ 17.1) to H2 gas (10–50 ppm) at 100 ◦ C which was the optimal working temperature. The
formation mechanism and gas sensing mechanism of VA-Si NWs are described. The obtained results can
suggest new approaches to making inexpensive, versatile, and portable sensors based on Si NWs having
a novel top–top electrode structure that are fully compatible with well-developed Si technologies.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
After the introduction of carbon nanotubes as gas sensors,
the focus of sensor research changed signiﬁcantly from twodimensional ﬁlms to semiconductor sensors based on other
one-dimensional (1-D) forms to address sensor characteristics such
as the response time, sensitivity, selectivity, and decrease in operating temperature [1]. One-dimensional materials have several
advantages over their 2-D (thin and thick ﬁlms) and 3-D counterparts. They have a huge surface-to-volume ratio, high stability
due to good crystallinity, dimensions in the range of the depletion layer, the possibility of surface functionalization, and so on [2].
Consequently, various forms of 1-D metal oxide gas sensors, such
as a single nanowire (NW) [3], vertically aligned NWs [4], a random network of NWs [5], vertically aligned nanorods [6], arrays
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of nanoﬁbers [7], arrays of nanotubes [8], and so on, have been
reported recently.
Despite their high sensitivities, most 1-D metal-oxide-based gas
sensors have drawbacks, such as high working temperature/high
power consumption, lack of selectivity, and especially poor compatibility with current silicon technology [9]. In contrast, Si NWs,
which combine the advantages of silicon and NWs, are very promising materials for gas sensing applications. On one hand, the plenty
of Si is presented on the earth; it has high stability and nontoxicity,
high mobility of carriers, and automatized manufacture methods.
On the other hand, Si NWs have a large surface-to-volume ratio,
relative ease of fabrication, the possibility of functionalization,
and a cylindrical 1-D structure that yields very sensitive electrical properties that can be strongly affected by small changes in the
environment [10].
The compatibility of Si NWs with silicon-based technologies
such as complementary metal–oxide–semiconductor (CMOS) and
very-large-scale integration (VLSI) techniques makes them the ﬁrst
choice of gas sensor for the next generation of ultrasensitive and
ultrafast gas sensing systems. Since the ﬁrst report of gas sensing
using Si NWs by Cui et al. [11], various Si-based sensors have been
reported by researchers worldwide [12–14].
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Owing to rapid advances in the fabrication and design of gas
sensors, currently it is possible to make a gas sensor using just a
single nanorod or NW, as they have very large surface areas that
can provide many adsorption sites for capture of gas molecules,
which results in high sensitivity. However, practical application of
such devices remains a great challenge [15]. In addition to the fact
that fabrication of a sensor using a single NW or nanorod needs
an elaborate and complex method such as lithography. The resistance changes in a single NW or nanorod during the gas detection
step is very small, so a complex, expensive and precious measuring
system is necessary. Furthermore, owing to the different sizes of
NWs/nanorods, and the different type of the electrical contacts in
the individual sensors, signiﬁcant variations in the measured resistance even in the same sample are observed, indicating that single
NW or nanorod sensors require still more optimization for practical
use [16,17].
As an alternative to the single-NW or nanorod gas sensors, vertically aligned nanowires (VA-NWs) has been attempted recently.
In VA-NW sensors, multiple NWs engage in the sensing procedure; consequently, the output signal is substantially increased,
and ﬂuctuations in response to the same material are decreased
[18]. Therefore, VA-NW sensors are a better choice for use in gas
sensors.
For device fabrication, cheap and facile top-down approaches
are highly popular to fabricate of Si-NWs [19,20], as industrial production requires higher controllability and better reproducibility.
Among the top-down approaches, metal-assisted chemical etching
(MACE) has gained an especial interest for synthesis of VA-SiNWs.
It is intrinsically a fast, facile, fruitful, and cheap method; and has
good compatibility with current silicon fabrication technology and
can yield a high density of NWs aligned with the silicon substrate
[21,22]. Furthermore, in comparison to other techniques, MACE has
advantages, for example, (i) it is highly versatile and offers good
control of the synthesis process, (ii) it offers a wide selection of
shapes for the ﬁnal Si structure, and (iii) it enables fabrication of
porous and nonporous VA-Si NW arrays [23].
The transducer function of sensors is particularly important,
because if it is not appropriately controlled by suitable electrodes, a
wrong output signal can be delivered [24]. Most development in the
gas sensing area is focused on the sensing material, mainly because
gas sensing research uses a predetermined electron conﬁguration
for measurements, whereas few studies [25,26] have reported gas
sensors with electrodes other than conventional interdigital [27]
or top-down electrodes [28]. NWs‘ fabrications techniques either
transfer of pre-grown NWs or directly growth the NWs onto the
electrode or substrate. The former method is mostly for the integration and alignment of NWs on the pre-selected electrodes;
however, it has been demonstrated that this method is highly risky
for gas sensing applications because of the need for transfer media,
which often partially destroy the surface properties of the NWs. The
latter method, however, has not transferring step and therefore, the
fabrication steps can be greatly simpliﬁed [29]. Herein, we present
a novel electrode conﬁguration without transfer of as-grown VA-Si
NWs. Top–top electrodes were successfully applied on VA-Si NWs
using a sputtering technique, which is an economical, realistic way
of fabricating sensors compared to methods of fabricating other
types of Si-NW-based sensors. The gas sensing properties were
measured, and the underlying formation mechanism of VA-Si NWs
and the gas sensing mechanism were examined.
Even though there are many reports about synthesis of VA-Si
nanostructures [30–32], there are only a few studies about the gas
sensing properties of such peculiar structures. VA-single crystalline
Si NWs as NO gas sensors with high selectivity, excellent reversibility and fast response were reported by Peng et al. [33] at room
temperature and in another studies, VA arrays of Si NWs were used
to detect NH3 and NO2 in humidiﬁed air [34,35]. A CO2 gas sensor

based on VA-Si NWs modiﬁed with Au or Pt NPs was reported by
Naama et al. [36]. Noh et al. worked on Pd-coated VA rough Si NWs
for sensing applications [37]. The fabricated sensors showed good
reversibility and excellent H2 -sensing capacity in terms of high
sensitivity, short response time, and low detection limit. Qin and
co-workers reported room temperature NO2 sensing properties of
the VA-SiNWs with WO3 branches, which formed a dendrite-like
hierarchical structure [38]. At room temperature, the composite
sensor showed enhanced sensing response to NO2 in comparison
to pure VA-Si NWs sensor. Based on above literatures, it can be seen
that there is no reported H2 sensor bases on pure VA-Si NWs.
2. Experimental procedure
2.1. Synthesis of Si NWs
Peng and his co-workers for the ﬁrst time proposed the MACE
for fabrication of aligned Si NWs in HF/AgNO3 solution [39]; in this
work, high-quality Si NW arrays were successfully fabricated using
a modiﬁed version of Peng et al.’s method [40].
Si wafers were cut into 2 × 2 cm2 , which were thoroughly
cleaned using piranha solution (30% H2 O2 solution, 98% H2 SO4 , volume ratio = 1:3) and rinsed with deionized (DI) water before use.
Subsequently they were immersed in an acidic solution containing
HF and H2 O at a volume ratio of 1:1 for 5 min at room temperature
to remove native oxide ﬁlms on the Si substrates and then rinsed
with DI water. For silicon etching, silver as the catalyst was used.
The silicon squares were vertically immersed in a silver deposition
solution comprising HF (5 ml), AgNO3 (Merck, 98%, 1–4 ml), and
H2 O (42.5 ml) for 1 min at room temperature. After a uniform layer
of Ag NPs formed, the coated wafers were rinsed with DI water to
remove excess silver ions. In the etching process, the coated wafers
were vertically immersed in an etchant comprising HF (5 ml), H2 O
(53 ml), and H2 O2 (0.5–2 ml). After being etched in the dark at room
temperature for 1 h and washed with DI water, they were immersed
in HNO3 solution for 1 min to remove the remaining Ag NP catalysts. Finally, they were thoroughly cleaned in HF aqueous solution
(HF:H2 O = 1:1) for 5 min. The obtained wafers were entirely black.
Fig. 1 shows a schematic representation of the Si NW synthesis
procedure.
2.2. Material characterization
The crystal structure was characterized by X-ray diffraction
(XRD). Patterns were registered using a Philips X’Pert diffractometer with Cu K␣1 radiation ( = 1.5404 Å), and the morphology
of the synthesized VA-Si NWs was studied using scanning electron microscopy (SEM, Hitachi S-4200) and transmission electron
microscopy (TEM, Philips CM 200) operating at 200 kV.
2.3. Sensor fabrication and sensing tests
The present gas dilution and sensing system has been explained
in our previous papers [41–44]. For the gas sensing tests, a top–top
electrode conﬁguration was applied. For this purpose, a doublelayer electrode comprising a Au layer (300 nm thick) and a Ti layer
(50 nm thick) was sequentially deposited on the specimens (Fig. 2).
This economical and easy strategy eliminates the need to transfer
synthesized VA-Si NWs to another substrate and risk of pollution
and breakdown of the VA-Si NW morphology; further, multiple Si
NWs participate in gas detection, so the sensor performs better
than sensors with a single-Si-NW conﬁguration. By changing the
mixing ratio of dry air to the target gas (the ﬁnal concentration of
the target gas was set to 10, 20, and 50 ppm) using mass ﬂow controllers (MFCs) with a total stream of 500 sccm, the gas ﬂow was
precisely controlled. All of the measurements were carried out in a
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Fig. 1. Schematic illustration of the Si NW fabrication process.

special gas chamber at the optimum temperature, and the sensors’
resistance data were collected using a multimeter. As the VA-Si
NW sensors showed p-type behavior, the sensor response (R) was
deﬁned as R = Ra /Rg , (for NO2 ) and R = Rg /Ra (for reductive gases),
where Ra and Rg are the resistances of the VA-Si NW sensor in the
absence and presence of the target gas, respectively. The response
times was calculated as the time to reach 90% of the ﬁnal resistance
after exposure to the target gas (tres90 ) and the recovery time was
deﬁned as the time to recover 90% of the initial resistance after
removal of the target gas (trec90 ), respectively. In the present study,
we evaluated the selectivity of H2 gas sensing, in comparison to
C2 H5 OH, H2 S, NO2 , and CO gases. Since each gas was tested sepa-

rately, the data may not represent the genuine selectivity, in which
it should be ﬁgured out whether the sensors can really detect H2
in this complicated mixture of a variety of gases [45–47]. Further
study in regard to the genuine selectivity will be carried out to be
reported in the following papers.
3. Results and discussion
3.1. Si NW formation
In MACE which is an electrodeless chemical reaction, the shape
and path of the Ag NP catalysts determine the ﬁnal morphology of
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The formation mechanism in the MACE process are represented
by the following equations [50]:
Ag+ + e− → Ag

Si + 6F− → SiF2−
+ 4e−
6

silicon. If the Ag NP catalysts form a continuous porous nano thin
ﬁlm on the silicon substrate, Si NWs can be successfully obtained
[48].
Fig. 3 schematically shows the VA-Si NW formation process.
After immersion of the Si substrate in HF/AgNO3 solution, the Ag+
ions capture electrons from the Si, resulting in nucleation of Ag.
As the reaction progresses, nucleated Ag gradually grows into Ag
NPs; as Ag has higher electronegativity than silicon, Ag NPs directly
capture electrons from silicon, and form an accumulation of holes
beneath the catalyst. Subsequently, reduction of H2 O2 take places
at the surfaces of the Ag NPs, and by oxidation of silicon to silica
the holes are consumed, which HF can be quickly dissolve it. The
Ag NPs move into the silicon wafer as the silica layer is dissolved;
therefore, the depth of the Ag NPs in the pits increases with increasing reaction time. Furthermore, in MACE of Si, the reaction rate is
highly anisotropic because the numbers of broken Si–Si bonds are
quite different along different directions [49].

(2)

Anode

Ag + + Si + 6F − → 4Ag + SiF62−

Fig. 2. Schematic illustration of the VA-Si NWs.

(1)

Cathode

Over all reaction

(3)

3.1.1. Effect of deposition time on morphology of Si NWs
In the MACE process, the silicon substrate is immersed in the
etchant, and the Ag NPs are mobile. These factors affect the path
of the Ag NPs, suggesting difﬁculty in control of the morphology
of etched Si and other parameters must be optimized to obtain the
desired morphology.
To study the effect of the deposition time on the morphology
of Si NWs, the HF and AgNO3 concentrations were ﬁxed. To better understand the changes after etching, etched Si samples were
characterized by SEM. Fig. 4(a–d) show SEM images of etched Si
ﬁlms prepared by immersion in a Ag deposition solution for 10, 20,
40, and 60 s, respectively; the volumes of AgNO3 and H2 O2 were
set to 1 and 0.5 ml, respectively. After 10 s of etching, even the top
regions of the Si ﬁlm had not been fully etched. This result may
be attributed to insufﬁcient diffusion time for Ag NPs to react with
the Si substrate. After 60 s of dipping, etching occurred down to the
bottom of the Si ﬁlms, and the desired morphology was observed.
The quantity and size of Ag NPs (as catalysts) will increase with the
duration of deposition. With increasing time, they have more time
to completely react with Si, move deep into Si, and consequently
induce Si NW formation.
3.1.2. Effect of volume of AgNO3 on morphology of Si NWs
Fig. 5(a–e) show top-view (left-hand images) and side-view
(right-hand images) SEM images of etched Si NWs fabricated by
immersion in Ag deposition solution in which the volume of AgNO3
was set to 1, 2, 3, 4, and 5 ml, respectively; the volume of H2 O2 was
0.5 ml, and the immersion time was 60 s. When the AgNO3 volume is less than 3 ml, the Si NWs are not fully separated from the
ﬁlm-like structure. When the AgNO3 concentration is very low, Ag+
cations are immediately exhausted, and the counter-reaction of silicon oxidation and dissolution is forbidden; thus, Si NWs cannot be

Fig. 3. Schematic illustration of VA-Si NW formation by MACE method.
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Fig. 4. SEM images of etched Si ﬁlms prepared by immersion in Ag deposition solution for (a) 10, (b) 20, (c) 40, and (d) 60 s. The volumes of AgNO3 and H2 O2 were set to 1
and 0.5 ml, respectively.

obtained [51]. However, Si NWs begin to develop when the AgNO3
volume exceeds 3 ml.
3.1.3. Effect of volume of H2 O2 on morphology of Si NWs
During the fabrication of Si NWs by MACE, the Ag NPs sink
into the Si, which are driven by the Ag-catalyzed reduction of
the oxidant species (H2 O2 ) [52]. To investigate the relationship
between the Ag NPs and H2 O2 , ﬁve solutions with different H2 O2
concentrations were prepared as the etchant. Fig. 5(f–j) show TEM
micrographs (left) and high-resolution TEM micrographs (right)
of Si NWs fabricated by immersion in a Ag deposition solution
in which the volume of H2 O2 was set to 0, 0.5, 1, 1.5, and 2 ml,
respectively, and the volume of AgNO3 (4 ml) and immersion time
(60 s) were constant. From the TEM characterization, it is seen that
the surface roughness decreases with increasing H2 O2 concentration. When the H2 O2 volume is 0 [Fig. 5(f)], the fabricated NWs
has bumpy surface morphology. The surface structure of the NWs
becomes sharper as the H2 O2 volume increases to 2 ml, which can
be attributed to the fact that silicon is more easily oxidized and
dissolved during etching with increasing H2 O2 , which acts as an
oxidant. The contrast observed in the TEM images can be attributed
mainly to strain within the NWs.
3.1.4. Structural and morphological studies
The XRD pattern of the Si NWs is presented in Fig. 6(a); a prominent peak corresponding to the (220) reﬂection of cubic Si (JCPDS
No. 27–1402) is observed, and the peaks related to Ag or other
impurities are not present. The average crystallite size (D) of the
Si NW ﬁlm was calculated using Scherrer’s formula [53]:
D=

K
ˇcos

(4)

where D is the crystallite size in nm, K is the constant shape factor
(0.90),  is the wavelength of the X-rays used (1.5406 Å), ˇ is the full
width at half-maximum in radian, and  is the diffraction angle in
degree. The average crystallite size was found to be ∼30 nm, which
is quite consistent with the diameter of Si NWs.
Fig. 6(b) shows a top-view SEM micrograph of the etched Si
after 60 s of immersion in the Ag deposition solution, in which
the volumes of AgNO3 and H2 O were set to 4 and 0.5 ml, respectively. It shows a forest-like morphology in which bundles of Si
NWs can be clearly observed. This type of morphology is highly
important for sensing applications, where very large adsorption
surfaces are extremely beneﬁcial for detection of gas species. The
inset of Fig. 6(b) is a side-view image, which clearly reveals that
each NW has been fully separated. This morphology is extremely
favorable for gas sensing purposes, in which the surface area has
an undeniable role in sensing characteristics. Fig. 6(c) shows a lowmagniﬁcation TEM image of a Si NW, which exhibits a straight-line
morphology, and Fig. 6(d) presents the corresponding latticeresolved TEM micrograph of the Si NW. The lattice fringes coincide
with the (200) and (111) lattice planes of cubic Si, with a spacing of
0.271 and 0.313 nm, respectively. Selected-area electron diffraction
(SAED) result also indicated that this Si NW has the cubic structure.
Fig. 6(e) shows the corresponding SAED pattern with a [011̄] zone
axis, indicating the diffraction spots of the cubic Si structure, and
spots corresponding to the (111), (200), and (1̄11) lattice planes of
cubic Si are observed.
3.2. Gas sensing performance
The motivation for using VA-Si NWs as the gas sensor is due to
their high surface area and surface reactivity. Furthermore, the next
generation of gas sensors needs to be incorporated into portable
devices such as cell phones, so they must be compatible with Si
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Fig. 5. (a-e) Top-view (left-hand images) and side-view (right-hand images) SEM images of etched Si NWs fabricated by immersion in a Ag deposition solution in which the
volume of AgNO3 was set to (a) 1, (b) 2, (c) 3, (d) 4, and (e) 5 ml. The volume of H2 O2 and the immersion time were set to 0.5 ml and 60 s, respectively. (f-j) TEM images of Si
NWs, fabricated by immersion in a Ag deposition solution; the volume of H2 O2 was set to (f) 0, (g) 0.5, (h) 1, (i) 1.5, and (j) 2 ml, respectively. The volume of AgNO3 and the
immersion time were set to 4 ml and 60 s, respectively.

technology and work at low temperature to reduce the power consumption. For gas sensing applications, the parameters of Si-based
materials such as the photoluminescence intensity [54], capacitance [55], resonance frequency [56], and conductance (resistance)
[57] can change with variations of concentrations of the target gas.
However, in all cases, morphology and surface area are among the
main factors determining the sensing properties of Si-based sensors
[58]. Here we used a strategy of examining changes in the resistance, namely, the chemiresistance of VA-Si NWs, upon exposure
to target gases.
At ﬁrst, to ﬁnd the best working temperature, the gas sensing tests were performed at different temperatures. According to
the obtained results, the VA-Si NW sensor showed the maximum
response value at 100 ◦ C. Thus, the measurements were performed
at 100 ◦ C to study other gas sensing properties of the VA-Si NW
sensor.
When NO2 gas, which is an oxidative gas, was introduced, the Si
NWs showed an evident response to the NO2 gas. Fig. 7(a) shows
the dynamic response of the Si NW sensors to NO2 gas at concentra-

tions of 10, 20, and 50 ppm. It shows reversible behavior, in which
the resistance returns to its initial value after the NO2 gas ﬂow is
stopped and air is supplied. It is well-known that semiconductors
can be classiﬁed as n-type or p-type according to the variation in the
resistance upon exposure to reducing or oxidative gases. For p-type
semiconductors, the resistance decreases in the presence of oxidizing gases because the hole concentration in the valence band of the
semiconductor increases. In contrast, in n-type semiconductors, the
electron concentration in the conduction band of the semiconductor decreases. Thus, the Si NWs show p-type behavior because their
resistance decreases upon exposure to NO2 gas [9].
Fig. 7(b) indicates the sensor response of the Si NWs to NO2 gas.
The sensor responses (Ra /Rg ) of the Si NWs at NO2 concentrations of
10, 20, and 50 ppm are 2.0, 2.3, and 3.0, respectively. The threshold
limit value for NO2 is 5 ppm [59], so the present response is not
promising for detection of ppb-level NO2 , and thus other gases must
be tested. The response times of the Si NWs at NO2 concentrations
of 10, 20, and 50 ppm are 80, 95, and 105 s, respectively [Fig. 7(c)].
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Fig. 6. (a) XRD pattern of Si NW ﬁlms. (b) Top-view SEM image of the etched Si ﬁlms, in which the volumes of AgNO3 and H2 O2 were set to 4 and 0.5 ml, respectively. The
immersion time in the Ag deposition solution was set to 60 s. Inset is a side-view image clearly revealing that each NW has been fully separated. (c) Low-magniﬁcation TEM
image of a Si NW. (d) Lattice-resolved TEM image of the Si NW. (e) Corresponding SAED pattern with a [011̄] zone axis.

Table 1
Sensor responses of Si NWs to different concentrations of H2 , C2 H5 OH, H2 S, CO, and
NO2 gases.
Gas

H2
C2 H5 OH
H2 S
CO
NO2

Gas response (Rg /Ra )
10 ppm

20 ppm

50 ppm

11.5
7.3
5.6
4.3
2.1 (Ra /Rg )

14.5
9.3
5.6
4.5
2.4 (Ra /Rg )

17.1
10.2
6.0
4.5
3.0 (Ra /Rg )

H2 is a colorless and odorless gas which is highly explosive and
inﬂammable [60]. The ﬂammability limits of hydrogen are between
4.65 and 93.90 vol% H2 [61], and the explosivity level covers a wide
range of concentrations, 15%–59% [62]. Therefore, rapid, precise,
and continuous monitoring of hydrogen is necessary for production, and use of hydrogen. Fig. 8(a) presents the transient response
of the VA-Si NW sensor to different concentrations of H2 gas. Upon
exposure to H2 gas, the resistance increases, and it returns to its initial value after stoppage of the H2 gas. The VA-SI NW sensor shows
a reversible response to H2 gas. The sensor response values for H2
and other gases are summarized in Table 1.
The responses for 10, 20, and 50 ppm H2 gas, are 11.5, 14.5,
and 17.1, respectively, which are very good responses for such low
concentrations of H2 gas (Fig. 8(a)). These concentrations are signiﬁcantly lower than the explosion limit of H2 ; consequently, the
VA-Si NW sensor can successfully detect H2 gas before the occurrence of any explosion. In addition, we carried out the H2 sensing
test for concentrations in the range of 0.1–1000 ppm. We found
that the sensor responses of vertically aligned Si nanowires at 0.1,
1, 10, 100, and 1000 ppm are 4.37, 5.98, 7.39, 35.19, and 133.0,
respectively (Fig. S1 in Supplementary Information).

We investigated the sensing performances of various gases,
including C2 H5 OH, CO, NO2 , and H2 S. Fig. 8(b–d) shows the dynamic
responses of Si NWs to C2 H5 OH, H2 S, and CO, respectively; the
responses to all the gases are reversible and repeatable. Table 1
presents the sensitivities values for concentrations of 10, 20, and
50 ppm of H2 , C2 H5 OH, H2 S, CO, and NO2 gases. The response of
the sensor to H2 gas is clearly almost two times that to C2 H5 OH,
three times that to H2 S gas, and four times that to NO2 gas. Therefore, the sensor can be used practically as a good H2 sensor with
good selectivity and sensitivity. Fig. 8(e) shows the selectivity histogram of the sensor toward various gases (50 ppm) at 100 ◦ C. In
preliminary experiments, we revealed that the optimized sensing
temperature for various gases is about 100 ◦ C (Figs. S2-S5 in Supplementary Information). The sensor responses of the VA-Si NWs
toward H2 , C2 H5 OH, H2 S, CO, and NO2 are 17.1, 10.2, 6.0, 4.5, and
3.0, respectively. Table 2 shows the structure and bond energies of
the various gases used in this study [63]. The high H2 selectivity
of the VA-Si NWs can be related to the high chemical reactivity of
H2 and smaller bond energy of H H, in comparison to the other
tested gas molecules. Furthermore, H2 decomposes at lower temperatures. Although H2 S has a bond energy lower than that of H2 ,
another factor, namely, the strength of interaction between the Si
NWs and the H2 gas, has a crucial role in the sensor response [63].
To date, several research groups have reported the gas sensing characteristics of Si NWs with respect to gases such as NH3
[54,57], ethanol [55,64], O2 [65], and H2 [62,66] and conditions
such as the humidity [14] (Table 3). In particular, rice-straw-like
Si NWs showed a response of 3.33 to 1000 3.33–1000 ppm H2 [62].
Si nanopillar arrays exhibited a response of 6.3 toward 500 ppm
ethanol. Lee’s research group obtained a high sensor response
(∼10,000) to 1000 ppm of NH3 gas by using Si NW bundles [67]. Kim
et al. reported a high H2 sensor response of 13.8 [68]. However, this
was accomplished by adding a graphene layer on the VA-Si NWs.
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Fig. 7. (a) Dynamic response curve, (b) sensor response, and (c) response time of VA-Si NWs at NO2 concentrations of 10, 20, and 50 ppm, respectively, at 100 ◦ C. (d) Dynamic
response curves at NO2 concentrations of 10, 20, and 50 ppm at 100 ◦ C for sensors fabricated from Si wafer.
Table 2
Structure, bond and bond energy of the target gases.
Gas

H2

CO

Structure

H H

C O

Bond

H H

C O

Bond
Energy
(kJ/mol)

436.0

1076.5

C2 H5 OH

H2 S

NO2

H OC2 H5
H CH2
H CH
436.0
473
452

H−HS

N−O
N O

381

201
607

The VA-Si NWs in the present work exhibited an acceptable sensor
response of 11.5 toward 10 ppm H2 gas, which is better than those
of previously reported Si-based sensors.

3.2.1. Gas sensing mechanism
The general mechanism of the detection of toxic gases in conductometric gas sensors is changes of the electrical resistance as a
result of adsorption of gas species. On the surface of a p-type semiconductor, plenty of holes form a hole accumulation layer that is
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Table 3
Comparison gas sensing characteristics of some Si-based gas sensors reported in the literature with the present work.
Material

Gas

Conc. (ppm)

Response

Temp. (◦ C)

Ref.

VA-Si NWs
Pd-coated PS
Oxidized PS
PPS
PS
PS
Nanoporous Si
Free standing PS
Si NWs
Pd-modiﬁed PS
Pd-coated Si NWs
VLS-grown Si NWs
Vertically aligned Si NWs
Vertically aligned Si NWs
Si NWs array
Pd/Si NWs Schottky barrier FET
G/Vertically aligned Si NWs
Gr/Vertically aligned Si NWs
Si NWs Bundles

H2
H2
NH3
Ethanol
NO2
NO2
Ethanol
NO2
H2
H2
H2
Humidity
O2
H2
NH3
H2
H2
O2
NH3

50
1.71
15 mg/m3
4%
1
1
500
0.5
1000
1%
1000
N/A
N/A
N/A
N/A
1000
N/A
N/A
1000

17.1 (Ra/Rg)
0.062 (I/I0 -1)
0.75 (Signal/Reference) ratio
30 (I/I0 )
35(R0 -Rg )/Rg
1.6(Rg /R0 )
5.5 (C/Ca )
30 (I/I0 )
2.325 (R/Ra )
0.84 (R/Ra )
1.80 (R/Ra )
1.03(R/Ra )
1.67 (Ra /Rg )
1.33 (Ra /Rg )
Vg = 5.4V
6.9%/ppm
13.5 (Ra /Rg )
1.52 (Ra /Rg )
10000

100
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT

Present work
[60]
[75]
[76]
[9]
[77]
[54]
[56]
[61]
[78]
[79]
[14]
[65]
[65]
[80]
[81]
[67]
[67]
[82]

depleted from electrons owing to the presence of ionosorbed oxygen ions. Oxygen molecules are adsorbed and then transformed
into oxygen ions (O2− and O− ) through capture of free electrons in
the oxide [27]:
O2 → O2 (ads)

(6)

−
−
O−
2 (ads) + e → 2O (ads)

(7)

The resistance in this layer is lower than that in the core of the
semiconductor. When the VA-Si NW sensor is exposed to an oxidative gas such as NO2 , the intrinsic high surface area of the VA-Si
NWs, providing a huge number of adsorption sites, which result in
higher response to NO2 gas. When oxidizing NO2 gas injects into
gas chamber, NO2 gas molecules will be adsorbed on the surface
of the sensor. NO2 has unpaired electrons that can reacts with the
dangling bonds on the surface of the Si NWs, capturing the lonepair electrons of the dangling bond and forming NO−
2 , leading to
an increase of the concentration of holes in the valence band of the
VA-Si NWs. The related reaction can be represented as follows [69]:
(8)

NO2 molecules can be adsorbed and trap the free electrons
from the surfaces of Si NWs. Therefore, the thickness of the hole
accommodation layer is expanded; consequently, the resistance
will decrease. In contrast, H2 can be adsorbed on the surface of
p-type VA-Si NWs by extraction of holes from Si NWs, and form
ionized hydrogen according to following reaction [68]:
H2 + 2h+ → 2H+

Gas

Response time (s)

(5)

O2 (ads) + e− → O−
2 (ads)

NO2 + Si ↔ Si − (NO2 )− + h+

Table 4
Response and recovery time of Si NWs sensor to different concentrations of tested
gases.

(9)

Thus the concentration of holes in the accumulation layer will
decrease, which, in turn, leads to an increase in the sensor resistance. In ordered Si NWs, the surface area is increased as a result
of the ordered structure, therefore the adsorption of gas molecules
onto the vertically ordered structure will be greatly increased.
3.2.2. Response and recovery times
Apart from high sensitivity and selectivity, it is very important
that a sensor reacts with the target gases as rapidly as possible.
Table 4 shows the response and recovery times of the VA-Si NW
sensor toward different gases, and Fig. 9(a) presents the plots of the
response and recovery times of the VA-Si NW sensor upon exposure
to 10, 20, and 50 ppm H2 gas at 100 ◦ C. The response times for these
concentrations are 599, 500, and 505 s, respectively. The change in
the response time with gas concentration is due to the variation in

H2
C2 H5 OH
H2 S
CO
NO2

Recovery time (s)

10 ppm

20 ppm

50 ppm

10 ppm

20 ppm

50 ppm

599
551
357
123
80

500
650
298
150
95

505
434
294
156
105

431
489
461
281
394

463
429
582
306
410

150
387
486
312
525

the saturation time and mean residence period of H2 on the surface of sensor. In low concentration of H2 , it requires a long time to
react with the oxygen ions. As the concentration increases, there are
more H2 molecules to react, and accordingly both the reaction time
and the response time will decrease [70]. However, the response
times for 20 and 50 ppm H2 are almost the same; the reason is probably that, after reaching a critical concentration (possibly about
20 ppm), active sites on the surfaces become saturated, and more
H2 molecules should diffuse to other active sites in the sensor structure and consequently need more time to be completely adsorbed.
The response reaction consists of four steps: gas-phase diffusion
of H2 to the surface of the sensor, adsorption of H2 molecules on
the surface, dissociation of H2 molecules into hydrogen atoms, and
ﬁnally ionization of the atomic hydrogen. Thus, the relatively slow
response times is attributed to the slow surface reactions, driven
by the low operating temperature, relative to the fast diffusion in
gas-phase [52]. Furthermore, assuming gas diffusion by Knudsen
ﬂow, the diffusion coefﬁcient is [71]:
DK =

εd
3

 8RT 0.5
M

(10)

In which DK is the Knudsen diffusion coefﬁcient, ε is the dimensionless porosity,  is dimensionless tortuosity, d is pore diameter,
R is gas constant, T is temperature, and M is molar mass. Therefore
the gas diffusion is directly proportional to the porosity and pore
diameter, whereas it has an inverse relation with the pore tortuosity. The pore tortuosity may also have a detrimental effect on the
response time of VA-Si NW sensors.
The recovery times for 10, 20, and 50 ppm H2 gas are 431, 463,
and 150 s, respectively, which are shorter than those reported for
porous polysilicon (PPS) in gas sensors. In fact, very long recovery
time in PPS can be attributed to the randomly aligned and interconnected morphology of it, that induces capillary condensation [72],
but in the VA-Si NWs, there is no such complex structure, as shown
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Fig. 9. Response and recovery times of VA-Si NWs for H2 gas at 100 ◦ C. (b) Comparison of response and recovery times for the various gases studied.

Fig. 8. Dynamic response of Si NW sensor to 10, 20, and 50 ppm (a) H2 (b) C2 H5 OH,
(c) H2 S, and (d) CO. (e) Selectivity pattern of Si NWs to different gases (50 ppm) at
100 ◦ C.

in the TEM micrographs. During recovery period, oxygen molecules
diffuse into the surface of sensor to react with the sensor. Higher H2
concentrations need more time for complete desorption because
the inner surface takes more time than the outer surface; this is
why 20 ppm H2 requires a longer recovery time. The shorter recovery times relative to the response time can be explained as follows:
When gases reach the surface of the sensor, they absorb energy
and become activated. Subsequently, they react with the absorbed
oxygen species according to following reaction rate formula [73]:

 E 
act

Reaction Rate = Kexp −

RT

(11)

where K is the pre-exponential constant, Eact is the activation
energy, k is the Boltzmann constant, and T is the temperature.

This equation can also be applied to the recovery stage, where the
activation energy becomes the desorption energy. Accordingly, the
response and recovery times depend strongly on the adsorption and
desorption energies. At 100 ◦ C, it seems that the desorption energy
for H2 is lower than the adsorption energy, resulting in a shorter
recovery time. Fig. 9(b) compares the response and recovery times
for 10 ppm of different gases at 100 ◦ C. The shortest response time
(80 s) is observed for NO2 gas, and the shortest recovery time is that
for CO (281 s). The electron afﬁnity of the NO2 molecule is 2.27 eV
[74], which considerably exceeds the analogous value for the oxygen molecule (0.44 eV [75]); this difference can be beneﬁcial for
fast adsorption on the surfaces of VA-Si NWs. In addition, according to Table 2, the bonding energy of CO is very high compared with
that of the other gases; thus, after adsorption it may require high
energy to be desorbed and, consequently, may take longer to be
detached from surfaces. Although we analyzed the response time
and recovery times of Si NW sensors in the present study, we agree
that response times and recovery times are relatively long. This will
become a main drawback for the practical application to sensors in
real situations. In order to reduce the response time, it is suggested
that the sensor structures and morphology need to be modulated to
facilitate the gas diffusion. In addition, catalysts need to be added to
facilitate adsorption, dissociation, and surface reactions of hydrogen species. Also, in order to shorten the recovery times, the sensing
temperature needs to be optimized, to facilitate the desorption of
gas molecules.
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4. Conclusions
In summary, VA-Si NWs were successfully synthesized using a
silver-assisted chemical etching method employing Ag NPs as the
catalyst. The growth conditions were optimized by changing the
immersion time in a Ag deposition solution, the volume of AgNO3
in the Ag deposition solution, and the volume of H2 O2 in the HF
etching solution. SEM micrographs showed that the VA-Si NWs,
which were well separated, exhibit a straight-line morphology with
a highly vertically oriented direction. TEM micrographs further conﬁrmed the existence of Si NWs with a straight-line morphology and
relatively smooth surfaces. A lattice-resolved TEM micrograph, an
SAED pattern, and an XRD pattern all indicated that the synthesized
VA-Si NWs had a cubic Si structure. The Si NWs showed a significant change upon exposure to target gases. The highest response
was observed at 100 ◦ C, and the VA-Si NWs showed a response of
17.1–50 ppm H2 . Sensing results obtained demonstrated that the
top–top electrode VA-Si NW sensors can be a good sensing device
for detection of vapor-phase chemical species. This methodology
of fabricating gas sensors from VA-Si NWs is very promising for
gas sensing applications. We believe that such VA-Si NWs have
great potential for applications as gas sensors with an extremely
low fabrication cost. A combination of MACE and top-top electrode
approaches could be an efﬁcient route to improving gas sensors
based on VA-Si NWs in the near future through further optimization.
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