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ABSTRACT: Ultrathin silicon nanowires (SiNWs), grown via a high-yield and low-
cost catalytic approach, are ideal building blocks for the construction of highly sensitive
field-effect transistor (FET) sensors. In this work, we demonstrate a high-density
growth integration of an ultrathin SiNW array, with diameter down to DNW = 24 ± 3
nm and narrow NW-to-NW spacing of only 120 nm, fabricated via an in-plane solid−
liquid−solid (IPSLS) approach. Junctionless bottom-gated SiNW FETs are successfully
constructed, exhibiting a high on/off current ratio of >107 and a sharp subthreshold
swing of 156 mV/dec These provide an excellent platform for realizing high-
performance NH3 sensing at room temperature, with a high response of 96.9% at 25
ppm and 38.6% at 2.5 ppm, rapid response time of 7.9 s for 5% response (or 85.8 s for
50% response), and superior selectivity against common volatile organic compound
gases in ambient environments. Finally, the field-effect sensing mechanism is attributed
to the Schottky barrier modulation by the adsorbed NH3 molecules at the metal/SiNW
interface, as confirmed through an epoxy-masked selective region comparative analysis. These results provide a solid basis for the
ultrathin catalytic IPSLS-SiNWs to serve as advantageous one-dimensional (1D) channels for the scalable integration of various
high-performance and flexible gas sensing applications.
KEYWORDS: ultrathin SiNW FET, NH3 gas sensor, in-plane solid−liquid−solid, Schottky barrier modulation

In recent decades, the burgeoning demand for toxic and
hazardous gas detection in pollution monitoring, industrial

processes, agricultural production, medical diagnosis, and
home safety1−3 has catalyzed the swift advancement of various
gas sensing technologies based on electrical,4 electrochemical,5

optical,6 and acoustic7 mechanisms. Among them, gas sensors
based on changes in electrical properties have attracted
widespread attention due to their advantages of simple
detection, fast response, and low cost.3 Especially, compared
to traditional two-terminal devices,8,9 field-effect sensors have
enhanced gas sensing capabilities with advantages such as high
sensitivity, rapid response, low power consumption, scalable
integration, and strong anti-interference ability.10,11 Therefore,
many nanostructure materials, such as silicon nanowire
(SiNWs),12 carbon nanotubes,13 metal-oxide semiconduc-
tors,14 graphene,15 and transition metal dichalcogenides,16

have been widely researched as promising channels of field-
effect transistor (FET) gas sensor. Particularly, SiNWs, with
their relatively high carrier mobility, large specific surface area,
and compatibility to mature Si technology, are ideal for
creating label-free, real-time, and highly sensitive gas
sensors.17,18

The diameter of SiNWs (DNW) significantly influences the
performance of gas sensors, as a reduction in diameter
enhances response sensitivity due to an increased surface-to-
volume ratio19 and comparability to the Debye screening
length.20,21 Therefore, fabricating an ultrathin and uniform

SiNW array is a key factor in optimizing the performance of
gas sensors. The ultrathin SiNWs with diameters narrower
than 30 nm can be produced via a top-down etching process,
with the aid of high-resolution lithography, such as e-beam
lithography (EBL) and deep ultraviolet (DUV) lithography,
which are however costly and inefficient for large-area or
flexible electronics. In contrast, another common technique is
the bottom-up approach, famously the vapor−liquid−solid
(VLS) growth method, but it is difficult to precisely position
the VLS-grown SiNWs on a flat surface as they are usually
produced as standing bundles. In order to address this
challenge, an in-plane solid−liquid−solid (IPSLS) technology
has been established in our previous works,22−24 where indium
catalyst droplets absorb amorphous silicon thin-film precursors
to produce crystalline SiNW array. These orderly SiNWs have
provided ideal one-dimensional (1D) channels for building
high-performance FET gas sensors in the past decade.8,25,26

However, the specific sensing activity region and the
underlying sensing mechanism for the label-free Schottky-
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contacted SiNW FET gas sensors at room temperature have
remained unexplored until now.
In this work, we utilized an IPSLS technique22 for the

growth of SiNWs, applied a multisteps structure technique27 to
narrow the NW-to-NW spacing to only 120 nm, and minimize
the DNW to 24 ± 3 nm by refining the size of the indium
catalyst and the thickness of the amorphous silicon layer. Based
on bottom-gated SiNW FET, exhibiting a high on/off current
ratio of >107 and a sharp subthreshold swing of 156 mV/dec,
as depicted in Figure 1a, high-performance NH3 sensing has
been accomplished at room temperature, with a high response
of 96.9% at 50 ppm (ppm) and 38.6% at 2.5 ppm, rapid
response time of 7.9 s for 5% response (or 85.8 s for 50%
response), and superior selectivity against common volatile
organic compound (VOC) gases in ambient environments.
More importantly, we have designed and conducted an epoxy-
masked selective region comparative experiment to clarify the
field-effect sensing mechanism of these Schottky-contacted
SiNW FET sensors, which is fundamentally important for
improving future sensing performance.

■ EXPERIMENTAL SECTION
Growth of SiNWs by IPSLS. The SiNWs grew on a multisteps

structure (explored in previous work27) with three-layered guiding
edges through an IPSLS growth mechanism, as shown in Figure 1b. A
strip of metal indium, 5 nm in thickness, was evaporated at the end of
the multisteps guiding channels using conventional lithography,
followed by thermal evaporation (TE) and a lift-off process.
Subsequently, the oxidized indium strip was treated in a plasma-
enhanced chemical vapor deposition (PECVD) system at 250 °C for
4 min using a hydrogen plasma with a flow rate of 14.8 sccm, chamber
pressure of 140 Pa, and a radio frequency (RF) power of 10 W. This
treatment reduced and condensed the oxidized indium strip into
catalytic indium droplets. At 100 °C and 20 Pa, an amorphous silicon
film was deposited uniformly on the sample surface using 5 sccm SiH4
for 2 min with an RF power of 2 W. The substrate was then heated to
350 °C to activate the molten indium droplets, and this condition was
maintained under vacuum for 1 h. During the IPSLS growth, due to
the difference in Gibbs free energy between crystalline silicon and
amorphous silicon, the catalytic indium droplets rolled along the

guiding edges and catalyzed the transformation of amorphous silicon
into crystalline silicon. In this way, high-density and ultrathin SiNWs
were obtained. It is noteworthy that DNW can be precisely controlled
by the thickness of the amorphous silicon film and the size of the
indium strip.28,29 The sample surface was treated with CF4 plasma in a
reactive ion etching (RIE) machine for 3 min at 4 Pa, with a flow rate
of 30 sccm and a power of 5 W, to remove the residual amorphous
silicon. Then, the sample was annealed in an oxidation furnace under
dry oxygen conditions at 850 °C for 5 min to further reduce DNW and
minimize the density of SiNW defects.

Fabrication of SiNW FET Sensor. After defining the source and
drain electrode patterns through photolithography, the sample was
soaked in a buffer oxide etch (BOE) solution for approximately 4 s to
remove the native oxide layer on the surface of the SiNWs. Following
this, in an electron beam evaporation (EBE) system, metal platinum
and aluminum with thicknesses of 5 and 55 nm, respectively, were
sequentially evaporated onto the sample surface, and the source and
drain electrodes of SiNW FET were fabricated through a lift-off
process. The oxide layer on the silicon wafer surface was disrupted,
and a conductive silver paste was used to connect the p+-Si at the
bottom of the substrate as a bottom gate. In this way, a high-density
SiNW FET sensor array was obtained.

Real-Time Gas-Sensitive Detection. The performance of the
SiNW FET sensor was assessed by using a dynamic intelligent gas
sensing measurement system, as depicted in Figure S1. This system
included a stainless test chamber with a capacity of approximately 2.4
L, a gas source, a mixing chamber, and a source meter (Keysight
2636B), all operated at room temperature (25 °C). The gas source
supplied two types of gases: dry high-purity air with a N2-to-O2 ratio
of 79:21, and NH3 gas diluted in N2 at a concentration of 0.5%. The
mixing chamber employed mass-flow controllers (MFCs) to regulate
the flow of these gases, ensuring a steady supply of NH3 gas at a
predetermined concentration in the test chamber. Throughout the
testing process, the total gas flow was maintained at 2000 sccm. The
flow rate of the diluted NH3 gas was controlled between 1 and 10
sccm, corresponding to a concentration range of 2.5−25 ppm. To
evaluate the NH3 response of sensor under various gate biases, the
bottom-gated SiNW FET was biased with a drain-source voltage
(VDS) of −0.5 V and bottom gate voltage (VBG) of −1.0, −1.5, or
−2.0 V, all at 25 °C. The response (R) of the sensor to NH3 is defined
as

Figure 1. (a) Schematic illustration of highly sensitive SiNW FET ammonia sensing constructed upon high-density and ultrathin SiNWs under the
control of the bottom gate. (b) Fabrication procedure of the guided growth of the orderly SiNW array via an IPSLS mechanism.
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where I0 and I represent the initial current of the sensor in dry air and
the response current during exposure to diluted NH3 gas, respectively.
Additionally, the reversibility of the sensor was verified through cyclic
testing with 12.5 ppm of ammonia and high-purity air. The sensor
selectivity was evaluated by its response to 25 ppm of ammonia and
VOC gases. The VOCs were introduced by injecting them into a
vaporizer using a syringe pump and then carried into the chamber
with high-purity air at the same concentration and flow rate.

■ RESULTS AND DISCUSSION
Characterization of SiNWs. Figure 2a presents the typical

top-view scanning electron microscopy (SEM) image of the
multistep structure with three-layered guiding edges. Each step
has a height of approximately 80 nm and a width of 120 nm as
measured by a step profiler. The width of steps indirectly
determines the size of condensed catalyst indium droplet,
which affects the diameter of the grown SiNWs. The SiNWs
grew stably along the guiding edges of the multistep structure,
where the ultrathin SiNWs were highlighted in green for ease
of observation, as shown in Figure 2b. The DNW is about 24 ±
3 nm, and the specific statistical data is shown in Figure 2c,
which essentially conforms to a Gaussian distribution. To
examine the crystalline structure of the SiNWs, their cross-
sectional profiles were exposed by focused ion beam (FIB)
milling and then analyzed by high-resolution transmission
electron microscopy (HR TEM). As depicted in Figure 2d, the
crystalline SiNWs were marked with white dashed lines,
showing that the width and height of the SiNW are 24 and 21
nm, respectively, which is consistent with the SEM top-view
result. The presence of amorphous silicon is also observed at
the top and outer edges of the SiNWs, which is residual

amorphous silicon from the growth process. A typical
interplanar spacing of 3.1 Å indicates the presence of the Si
(111) crystal plane. After further fast Fourier transform (FFT)
processing, the result shown in Figure 2e confirms that the
SiNWs grew in the Si <100> crystallographic orientation. The
elemental distribution of the cross-sectional profiled in Figure
2f,g also confirms the existence of SiNWs via energy dispersive
spectrometer (EDS) analysis.

Performance of SiNW FET Ammonia Sensor. Figure 3a
presents an optical image of the fabricated bottom-gated SiNW
FFT array with a channel length of approximately 15 μm. The
transfer characteristic curve is depicted in Figure 3b, where the
SiNW FET exhibits a high on/off ratio of >107, and a sharp
subthreshold swing of 156 mV/dec, indicative of typical p-type
channel behavior. This is attributed to the incorporation of
indium atoms into the SiNWs during the growth process of
IPSLS, serving as p-type dopants within the SiNWs. The
output characteristic curve, as shown in Figure 3c, demon-
strates a clear dependence of the current on the gate bias
applied, confirming the pronounced field effect. Notably, the
SiNW FET sensors showed a distinct response to target NH3
molecules without any modification. The sensing performance
was measured under a VDS of −0.5 V, with a tunable VBG of
−1.5 V, targeting a working regime with an initial channel
current of approximately 1.70 nA, as highlighted by the red
rectangle in Figure 3b. In this work, all tests were conducted at
25 °C, using dry high-purity air as the background carrier gas
at a total flow rate of 2000 sccm, which was maintained
throughout the process.
Figure 3d presents the sensing properties of SiNW FET

sensors upon exposure to NH3 gas over a range of
concentrations from 2.5 to 25 ppm. To better illustrate the
changes in the response current, the y-axis was transformed

Figure 2. Typical top-view SEM images of (a) multistep structure with three-layered guiding edges and (b) high-density and ultrathin SiNW array
with (c) diameter distribution of 24 ± 3 nm. (d) HR TEM characterizations of the cross section of the single SiNW and (e) FFT diffraction
patterns of the lattice image. EDS analysis of the cross section of the single SiNW, with separate elemental distributions of the (f) Si and (g) O
atoms. The scale bars in (d, f, g) both stand for 5 nm.
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into a logarithmic scale. The SiNW FET sensor showed a
strong decrease in conductance to NH3 gas (p-type sensing
behavior), indicating that the charge carrier transport channel
was impeded by the adsorption of NH3 molecules. Addition-
ally, there was a corresponding decline in the responsive
channel current with a rise in the NH3 gas concentration from
2.5 to 25 ppm. Remarkably, the change in the response current
reached about 2 orders of magnitude at 25 ppm of NH3. Upon
cessation of the NH3 gas supply, the current was able to return
to its initial value, indicating that the charge carrier transport
channel recovered with the desorption of NH3 molecules. The
nanoscale metal/SiNW contact might also be susceptible to
subtle environmental noises, leading to fluctuations during
detection.30 To mitigate the impact of environmental noise
fluctuations on the test results, statistical processing of the data
was performed. The absolute value of the initial current (|I0|)
was taken as the average of 100 current points measured with
only high-purity air flowing, and the response current (|I|) was
taken as the average of the last 100 current points before
stopping the supply of the NH3 gas. The change in response
current (ΔI) at different NH3 concentrations is defined as ΔI =

I − I0. The statistical results are presented in Figure 3e, from
which it can be deduced that the absolute values of the
response current change (|ΔI|) for the sensor at 2.5, 5, 12.5,
and 25 ppm of NH3 are 0.66, 1.11, 1.42, and 1.65 nA,
respectively. The calculated results are depicted in Figure 3f,
showing that the response of the sensor to 2.5 and 25 ppm of
NH3 is 38.6 and 96.9%, respectively. Usually, the response
(R*) of resistance-type semiconductor gas sensors is defined as
the ratio of the resistance change in the target gas to the initial
resistance in air, and it can be empirically represented by the
formula31

R Pg
* = (2)

where Pg is the target gas partial pressure, which is proportional
to the gas concentration, α is a prefactor, and β is the exponent
on Pg. Considering the case of a p-type FET gas sensor
responding to reducing NH3 gas, as the NH3 concentration
approaches infinity, the response tends to 100%. By analogy,
the empirical formula is derived as

Figure 3. (a) Optical image of the SiNW FET sensor array, with the inset showing the channel length is 15 μm. Electrical transport and NH3 gas
sensing properties of the SiNW FET sensors: (b) the typical transfer curve and (c) the output curve of the bottom-gated SiNW FET. (d) Dynamic
response of the sensor to NH3 gas at 25 °C with VDS = −0.5 V and VBG = −1.5 V. (e) Absolute value of the response current change (|ΔI|) for the
sensor at different NH3 concentrations via statistical calculation of (d). (f) Dependence of NH3 concentration on the response and the
corresponding nonlinear fitting. (g) Dynamic response of the sensor to 12.5 ppm of NH3 and (h) nonlinear fitting in their respective ranges under
various VBG. (i) Response comparison of reported NH3 gas sensors based on SiNWs or other semiconductor materials.
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Fitting the response of the sensor for different concentrations
yields

R
C

1
1

1 0.066
100%1.42

i
k
jjj y

{
zzz=

+ ×
×

(4)

where C represents the NH3 concentration, as shown in Figure
3f. The determination coefficient (R2) is 0.99, indicating that
the data points are tightly distributed in the vicinity of the
fitting curve. Generally, the exponent β has an ideal value of 0.5
for resistance-type semiconductor gas sensors. In our case, the
value of the sensitivity factor β is approximately 1.42 with a
margin of error of ±0.12, which is significantly higher
compared to that of resistance-type gas sensors. The
improvement of sensitivity factor can likely be attributed to
the field effect that even the slightest changes in surface charge
can exert a pronounced impact on the internal current of
SiNWs.
In fact, the sensing performance of the SiNW FET sensor

can be modulated by the applied VBG easily. Figure 3g typically
illustrates the variation in the relative current response of the
sensor to 12.5 ppm of NH3 at various VBG. It is observed that
the sensor, operating closer to the subthreshold region,
benefits from an enhanced subthreshold swing, thereby
exhibiting a superior response to the same concentration of
NH3. However, the sensor is more susceptible to environ-
mental noise fluctuations under lower VBG, which may be one
of the reasons the response speed does not show an advantage
under this condition. The response of sensor to different NH3
concentrations at various VBG is summarized in Figure 3h
(more details are shown in Figure S2). At a lower VBG,
represented by the black fitting curve, the sensor exhibits more
sensitivity to NH3 gas and achieves a response of 97.3% for
12.5 ppm of NH3, albeit with a greater susceptibility to
saturation. Conversely, at higher VBG, indicated by the blue
fitting curve, the sensor fails to detect a response even at 2.5

ppm of NH3, and the response at various NH3 concentrations
is diminished. Nonetheless, a broader detection range can be
obtained. Despite the limitation of the experimental platform
to a maximum NH3 concentration of 25 ppm at a total gas flow
rate of 2000 sccm, this outcome is predictable easily. In
summary, the limit of detection and detection range of the
sensor can be modulated simply by adjusting the gate voltage,
enabling the sensor to be situated in an appropriate sensing
region.
Furthermore, compared with other reported NH3 gas

sensors based on SiNWs25,32−34 or other semiconductor
materials35−40 (as shown in Figure 3i and Table S1), this
SiNWs FET ammonia sensor exhibits a higher response and a
lower detection limit. Particularly, for SiNWs-based NH3 gas
sensor, the improvement is attributed to the ultrathin SiNWs,
which not only provides a larger surface-to-volume ratio but is
also more comparable to the Debye screening length. This
allows surface states caused by chemisorption to significantly
change the electronic properties of the system, thereby leading
to improved response.20

Sensing Mechanism for Schottky-Contacted SiNW
FET Ammonia Sensor. To further investigate the underlying
sensing mechanism of the sensor, two distinct devices
including Devices 1 and 2 were designed, as depicted in
Figure 4a. For Device 1, the central channel region was
completely coated with photoresist, thereby exposing the
Schottky junction for direct interaction with the NH3
molecules. In contrast, Device 2 was engineered such that
the Schottky junction was covered by the photoresist, leaving
the channel region accessible for NH3 gas exposure. This
comparative design approach facilitated a systematic explora-
tion of the contributions of the Schottky junction and the
channel region to the response of the sensor. Subsequently, the
NH3 sensing responses of both devices were evaluated. Device
1, which had the Schottky junction exposed, demonstrated a
typical current decrease upon NH3 gas inflow and an increase
upon outflow, as depicted by the black line in Figure 4b.
Conversely, Device 2, with the channel region exposed,
exhibited negligible variations in current in response to the

Figure 4. (a) Schematic illustration for Device 1 with photoresist-passivated SiNW channels and Device 2 with passivated metal/SiNW contact. (b)
Sensing performance of Device 1 (responses normally as shown in the black lines) and Device 2 (almost no response as shown in the red line),
respectively. (c) Energy band diagram of the sensor before and after exposure of NH3 molecules.
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inflow and outflow of NH3 gas, as represented by the red line
in Figure 4b. These observations indicated that the Schottky
junction played a predominant role in the sensing mechanism
of the Schottky-contacted SiNW FET sensor at room
temperature, with the channel region contributing minimally
to the observed sensing behavior. Herein, a reasonable field-
effect sensing mechanism for NH3 detection using the
Schottky-contacted SiNW FET sensor is proposed, as depicted
in Figure 4c. At room temperature, an appropriate VDS and a
negative VBG are applied to the p-type SiNW FET. This
application elevates the energy band of the SiNW, resulting in
an increased height of the Schottky barrier, but more
significantly, it reduces its thickness. Consequently, the carrier
is enabled to tunnel through the Schottky barrier, switching the
device to an on-state. In Device 1, when reductive NH3
molecules are adsorbed onto the Schottky junction area, they
readily lose an electron to become positively charged NH3
ions. This process increases the thickness of the Schottky
barrier, significantly reducing the probability of charge carrier
tunneling through it, which results in a substantial decrease in
the channel current. In Device 2, the photoresist impedes the
influence of NH3 molecules on the Schottky junction. At this
point, compared to the tunneling current, which constitutes
the majority of the channel current, the thermal emission
current variation caused by the energy band changes induced
by the charged NH3 molecules in the channel region is
minimal. Therefore, the carrier can still tunnel through the
Schottky barrier, and there is essentially no change in the
channel current.
In brief, the result indicates that Schottky barrier modulation

by adsorbed NH3 molecules at the metal/SiNW contact plays a
dominant role in the Schottky-contacted SiNW FET ammonia
sensor at room temperature. The dynamic alteration of the
Schottky barrier thickness in response to the inflow or outflow
of reductive NH3 gas is a critical factor. It directly influences
the probability of carrier tunneling across the barrier, thereby
determining the observed change in the tunneling current.
This sensing mechanistic insight highlights the response

sensitivity of the sensor, which is crucial for its potential
applications in gas sensing and biosensing.

Reversibility, Response Time, Stability, and Selectiv-
ity. Figure 5a illustrates the response characteristics of the
SiNW FET sensor to 12.5 ppm of NH3 during three cycles. It
was evident that as the cycles of NH3 gas inflow and outflow
increased, the response and response speed of the sensor
decreased. This could be attributed to the fact that residual
NH3 molecules that have not undergone electron transfer were
not desorbed from the region of the metal/SiNW contact,
thereby preventing the efficient absorption of subsequent NH3
molecules. Additionally, a notable disadvantage of sensors
dominated by the Schottky barrier is their typical lengthy
recovery process at room temperature.30 Compared with other
the reported NH3 gas sensors

25,32−3334,41−424344454647 (Figure
5b and Table S2), this SiNW FET ammonia sensor also
exhibited rapid response, benefiting from ultrathin SiNWs with
DNW < 30 nm. The response time required for the response of
the sensor to reach 5 and 50% was 7.9 and 85.8 s, respectively,
at the first cycle (located in the red rectangle in Figure 5a). As
shown in Figure 5c, the response of the sensor to 12.5 ppm of
NH3 remained at 67.8 and 60.3% (Figure S3), even after 1
month and 3 months, individually, demonstrating good
stability with a low drift of −0.19% per day. To check the
selectivity of the SiNW FET sensor for NH3, responses of the
sensor for common interfering VOC gases were also studied
(Figure 5d). The results demonstrated that when the sensor
was exposed to 25 ppm of NH3, it exhibited a remarkable
response of up to 91.4%. Furthermore, when the sensor
encountered 25 ppm ethanol, isopropanol, and acetone,
respectively, the current was observed to be slightly influenced
by environmental noise, thereby highlighting excellent
selectivity. This may be attributed to the fact that these
VOC gases only display redox properties under specific
conditions, not leading to electron transfer and thus not
affecting the conductivity of the sensor at room temperature.

Figure 5. (a) Three cycles test result of the sensor to 12.5 ppm of NH3. (b) Response time of the sensor for corresponding response during the first
cycle of 5a and response time comparison of reported NH3 gas sensors based on SiNWs or other semiconductor materials. (c) Stability of the
SiNW FET ammonia sensor during three months. (d) Selectivity of the SiNW FET ammonia sensor against common VOC gases.
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■ CONCLUSIONS
In summary, we have fabricated high-performance SiNW FET
ammonia sensors, based on precisely controlled high-density
ultrathin SiNW channels grown on guiding terrace multisteps.
A rather stable room-temperature NH3 sensing has been
accomplished with a response of 96.9% @ 25 ppm (or 38.6%
at 2.5 ppm), a rapid response time of 7.9 s for 5% response
(85.8 s for 50% response), and superior selectivity against
common VOC gases. For the first time, the active field-effect
sensing mechanism has been identified, that is, the field-effect
modulation of metal/SiNW Schottky contact by the adsorbed
NH3 molecules, which plays a dominant role for this label-free
SiNW FET ammonia sensor operating at room temperature.
These results indicate that the ultrathin catalytic SiNWs are
ideal and advantageous 1D channels for batch manufacturing
and integrating high-performance and flexible gas sensors.
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