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Abstract

Self-heated silicon nanowire sensors for high-performance, ultralow-power hydrogen detection
have been developed. A top-down nanofabrication method based on well-established
semiconductor manufacturing technology was utilized to fabricate silicon nanowires in wafer
scale with high reproducibility and excellent compatibility with electronic readout circuits.
Decoration of palladium nanoparticles onto the silicon nanowires enables sensitive and selective
detection of hydrogen gas at room temperature. Self-heating of silicon nanowire sensors allows
us to enhance response and recovery performances to hydrogen gas, and to reduce the inﬂuence
of interfering gases such as water vapor and carbon monoxide. A short-pulsed heating during
recovery was found to be effective for additional reduction of operation power as well as
recovery characteristics. This self-heated silicon nanowire gas sensor will be suitable for
ultralow-power applications such as mobile telecommunication devices and wireless sensing
nodes.
S Online supplementary data available from stacks.iop.org/NANO/26/095501/mmedia
Keywords: hydrogen sensors, self-heating, silicon nanowires, nanowire sensors, palladium
nanoparticles
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1. Introduction

cooled generators [4], and leak detection as a replacement for
helium tracer gas [5]. However, it is an explosive gas with a
lower ﬂammable limit (LFL) of 4% in air [6]. Moreover, it is
odorless, colorless, and undetectable by human senses.
Therefore, it is very important to develop H2 gas sensors with
high sensitivity, good response speed, and stability.
Palladium (Pd) has been considered a good candidate
material for low-power H2 gas sensors because of its strong
catalytic reaction at room temperature. When H2 molecules
are dissociated into hydrogen atoms (H) at the Pd surface, the
hydrogen atoms can diffuse into the lattices of the bulk Pd
and convert the Pd into the palladium hydride (PdHx) with
high electrical resistance [7]. This H2-induced resistance
change allows Pd or Pd alloy ﬁlms to be useful for H2 sensing
[7]. When Pd-insulator-semiconductor structures are exposed

Hydrogen (H2) has been widely used in numerous industrial
applications. It is considered one of the most promising future
energy sources to resolve the major problems of existing
fossil fuels [1]. The demand for energy will keep growing but
the supply of fossil fuels is limited. Furthermore, they produce carbon dioxide (CO2) emission, which is the main cause
of global warming. In contrast, H2 can be created by splitting
water and the only by-product of H2-based power generation
is water. H2-based fuel cells will be able to meet the future
energy demands although there are still many challenges in
terms of cost and efﬁciency of H2 production, as well as the
weight, size, and safety of H2 storage [1, 2]. Other applications of H2 include petroleum reﬁning processes [3], H20957-4484/15/095501+10$33.00
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Figure 1. Schematics of self-heated silicon nanowire based gas sensors: (a) Self-heating of nanowire and Pd-decorated silicon nanowire gas
sensor are combined for high-performance hydrogen detection. (b) Schematics of fast hydrogen sensing and reduced effects of interfering
gases via self-heating.

to H2 gas, the dissociated hydrogen atoms induce dipoles at
the interface between Pd and insulator layers, which generates
a ﬁeld effect to modulate the electrical carrier density within
the semiconductor underneath the insulator layer [8]. Based
on this principle, Pd-gate ﬁeld-effect transistors can detect H2
gas by monitoring the electrical characteristics such as the
current and threshold voltage. To further improve the sensing
performances, researchers have developed nanostructured
sensors such as Pd nanowires [9–12] and Pd-decorated
semiconducting nanowires [13–16].
On the other hand, fast response and recovery in gas
detection have been recently achieved by self-heating of the
nanostructured sensors for low power consumption, instead of
heating with external micro-heaters [10, 11, 15, 17, 18].
However, no previous studies have satisﬁed all of the following requirements for high-performance sensing applications: i) low power consumption, ii) fast response and
recovery, iii) reducing the effect of interfering gases, iv) low
fabrication cost with massive production and high reproducibility, and v) monolithic integration with readout circuits. In
this paper, the silicon nanowire-based H2 gas sensors are
fabricated with the top-down method utilizing well-established complementary metal oxide semiconductor (CMOS)
manufacturing technology to achieve the wafer scale production, high reproducibility, and potential monolithic integration with electronic readout circuits. The silicon nanowire

can function as an ultralow-power nanoscale heater to elevate
its own temperature through the Joule heating effect
(ﬁgure 1(a)). In addition to low power consumption, selfheating of the silicon nanowire can enhance the response and
recovery speeds and reduce the inﬂuence of interfering gases
(ﬁgure 1(b)). Furthermore, pulsed Joule heating of the silicon
nanowire can be used to improve the transient response with
effective power management for mobile sensing applications.

2. Experimental
2.1. Fabrication of the Pd-decorated silicon nanowire gas
sensor

A silicon nanowire array was fabricated on 8 inch silicon-oninsulator (SOI) wafer with conventional CMOS process
(ﬁgure S1). The SOI wafer has a top silicon layer with a
thickness of 40 nm and a buried oxide layer with a thickness
of 140 nm. Silicon nanowires with a width of 110 nm were
patterned by a combination of deep ultraviolet lithography,
photoresist ashing, and reactive-ion etching. While the
nanowire channel region was covered with the photoresist
pattern by an additional lithography step, the remaining
source/drain regions were highly doped with n-type dopants
using ion implantation (arsenic, energy = 25 keV and
2
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dose = 5 × 1015 cm−2) in order to reduce the contact resistance
and to make ohmic contacts. The nanowire channel was
doped with n-type dopants using ion implantation (phosphorus, energy = 15 keV and dose = 1 × 1014 cm−2). Low
channel resistance by the ion implantation allows us to reduce
operation voltages for the Joule heating according to the
simple power equation (P = V2/R). All dopants were activated
using a rapid thermal annealing process (1000 °C for 10 s in
N2 ambient). A 3 nm thick silicon oxide layer was grown on
the silicon nanowire using a thermal oxidation process
(700 °C for 30 min in O2 ambient). Forming gas annealing
(10% H2 in N2 ambient at 400 °C for 30 min) was carried out
for stable operation of the device by passivating dangling
bonds between silicon and silicon oxide. For sensitive and
selective detection of H2 gas, the silicon nanowires were
decorated with Pd nanoparticles by thermal evaporation of a
very thin layer of Pd (thickness ∼1 nm) through a shadow
mask. Here, shadow masking enables selective deposition of
the Pd layer on the nanowire but not on the contact pads
(ﬁgure S1). As compared to the lift-off process that requires
photoresist patterning and removal, the shadow masking can
keep the device surface clean and thus provides a clean and
stable interface between the oxide and Pd nanoparticles. As a
result, stable sensor operation can be guaranteed by removing
unwanted trap sites.

nanoparticles (average diameter ∼12 nm) rather than a continuous ﬁlm because metal atoms can easily agglomerate into
clusters on the oxide surface due to their high surface energy
and relatively low surface energy of the oxide [14].
The electrical characteristics of the fabricated devices
were measured using a semiconductor parameter analyzer
(HP 4156C). As shown in ﬁgure 2(b), the nanowire currents
show ohmic contacts between highly doped source/drain and
channel (n+ – n – n+). Total resistance of the nanowire device
can be expressed as Rtot = Rch + Rp, where Rch stands for the
channel resistance of the n-type nanowire and Rp stands for
the parasitic resistance consisting of source/drain resistance
and interconnect resistance between probing tips and source/
drain regions. We can extract the resistivity (ρ) of the nanowire
using
the
equation
(Rtot = Rch + Rp = ρLNW/
WNWTNW + Rp) and linear ﬁtting with various nanowire
lengths (ﬁgure 2(c)). The nanowire resistivity (ρ) increases by
88% due to the Pd decoration (i.e., average resistivity (ρavg) of
8.87 × 10−3 Ω cm with a standard deviation (σρ) of
5.30 × 10−4 Ω cm before the Pd decoration and
ρavg = 1.67 × 10−2 Ω cm with σρ = 5.10 × 10−4 Ω cm after the
Pd decoration), but the change of the parasitic resistance (Rp)
is negligible as 4% (from 25.0 kΩ ± 1.4 kΩ to
23.9 kΩ ± 1.4 kΩ by Pd coating). From this result, we can
conﬁrm that the current modulation shown in ﬁgure 2(b) is
mainly caused by the change in the nanowire channel resistance. Technology computer aided design (TCAD) simulation
result shows how the Pd decoration affects the resistance of
the nanowire channel (Detailed procedure of numerical
simulation is explained in ‘TCAD simulation of the silicon
nanowire’ and ﬁgure S4 in Supplementary Information.) As
shown in ﬁgure 2(d), the formation of a Pd layer on the top
and sides of the nanowire surface causes depletion of electron
carriers near the surface, which results in high resistance of
the nanowire channel. High work function of Pd (5.12 eV) on
the surface induces upward band bending of the n-type
channel and thus the electron concentration of the silicon
nanowire is reduced. Therefore, the resistance of the nanowire
channel is increased by a Pd layer coating.
The electrical current ﬂowing through a conductor or
semiconductor induces Joule heating and a temperature
increase [15, 20–22]. Large power density concentrated on
the nanowire leads to localized Joule heating. To conﬁrm this
localized heating of the nanowire, we conducted a numerical
simulation using COMSOL Multiphysics® software (detailed
procedure of the numerical simulation is explained in
‘Numerical calculation for the temperature distribution of the
Joule heated silicon nanowire’ and ﬁgure S5 in Supplementary Information). In the device structure of ﬁgure 3(a), the
power density (i.e., power per volume) at the nanowire
channel is calculated as 1.9 × 1016 W m−3, which is three
orders of magnitude higher than that at the source/drain pads
(1.4 × 1013 W m−3) due to a smaller cross-sectional area with a
nanoscale dimension as well as a higher electrical resistance.
As shown in ﬁgure 3(a), the highest temperature is observed
at the center of the nanowire and the temperature decreases
from the center of nanowire to outer regions due to heat
dissipation through source/drain leads, the underlying oxide

2.2. Gas test setup

The sensor chip was placed in a custom-built chamber probe
station for gas-sensing experiments. A schematic of the gas
test setup is depicted in ﬁgure S2. Target gas was injected into
the chamber and the electrical current of the nanowire sensor
was measured in real-time using a SourceMeter (Keithley
2635B) under various constant voltages applied to the two
terminals of the nanowire. The test gas was prepared in the
form of a gas mixture from three gas cylinders (dry synthetic
air consisting of 79% N2 and 21% O2, 1% H2 in air and 0.1%
CO in air). The composition and concentration of the test gas
were adjusted by changing the ﬂow rate of each gas using
mass-ﬂow controllers (MFCs) while the total ﬂow rate was
maintained at 300 sccm. To produce humidiﬁed conditions of
the test gas, dry air was passed through a sealed beaker
containing a saturated salt solution, in which the relative
humidity was maintained constant and insensitive to the
ambient temperature [19]. The relative humidity of the
humidiﬁed air was controlled by changing its mixing ratio
with dry air (see ﬁgure S3), and the humidity values were
calibrated using a commercial hygrometer (SK-SATO PC5110). The SourceMeter and MFCs were controlled by the
LabView® interface.

3. Results and discussions
Figure 2(a) shows the scanning electron microscopy (SEM)
images of the Pd-coated silicon nanowire with a length (LNW)
of 1 μm, a width (WNW) of 110 nm, and a thickness (TNW) of
40 nm. Pd is applied to the silicon nanowire as a form of
3
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Figure 2. Electrical characteristics of the Pd-decorated silicon nanowire: (a) SEM images of the Pd-decorated silicon nanowire gas sensor.
Inset: a magniﬁed SEM image of Pd nanoparticles (PdNPs) on silicon nanowire. (b–c) Current versus voltage characteristics (b) and
resistance (c) of pristine and Pd-decorated silicon nanowires. (d) Electron concentration before and after setting the Pd layer with a work
function of 5.12 eV on the top surface by numerical simulation.

layer, and the surrounding air environment. For the experimental temperature estimation, the method based on the
temperature coefﬁcient of resistance (TCR) [10] is widely
used due to a simpler experiment setup and measurement than
other methods such as scanning thermal microscopy (SThM)
[23] and spectroscopy from quantum dots [24]. However,
highly doped silicon nanowires (>1018 cm−3) have small TCR
values because their mobility is insensitive to the temperature
change [25], which makes it difﬁcult to extract the temperature accurately. At higher doping concentrations, Coulomb
scattering due to ionized impurities is more dominant to
determine the electron mobility than the phonon scattering
that increases with temperature [26]. Rather, the transient
sensor response to gas is more signiﬁcantly affected by the
temperature and thus more useful for the estimation of
nanowire temperature [17]. If the CO gas is incorporated
together with H2 detection, we can increase the sensitivity of
temperature extraction because the effect of the CO gas for

blocking the reaction of the H2 gas with the Pd layer is highly
temperature dependent [27], which will be further discussed
later. As shown in ﬁgure 3(b), the sensor response to a gas
mixture of 0.5% H2 and 100 ppm CO under self-heating
(power = 66 μW) was well matched with the sensor response
under external heating (temperature = 40 °C) (see Supporting
Information). Using the same method at different power
levels, we can calibrate the nanowire temperature as a function of self-heating power. In ﬁgure 3(c), a strong linear
correlation between the temperature increase of the nanowire
and the electrical power supplied can be observed. Also, there
is an excellent match between the simulation and experimental results.
As shown in ﬁgure 4(a), the nanowire current increases
upon exposure to H2 gas. A hydrogen-induced dipole layer
formed at the interface between the Pd layer and silicon oxide
attracts electrons of the n-type silicon nanowire, resulting in a
high electrical conductance. The increased current due to the
4
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Figure 3. Thermal characteristics of the self-heated silicon nanowire: (a) Temperature distribution of the self-heated silicon nanowire by

numerical simulation. In the simulation, a total power of 98 μW was supplied to the nanowire. (b) Comparison of sensor responses of selfheated silicon nanowire and that heated by an external heater to a gas mixture of 0.5% H2 and 100 ppm CO for the temperature estimation of
the self-heated nanowire. (c) Temperature of the nanowire as a function of the applied electrical power.

H2 gas fully recovered to the original level after ﬂushing with
air, which conﬁrms the reversible characteristics of the sensor.
The response of the silicon nanowire gas sensors was deﬁned
by S = (Itarget—Iair)/Iair × 100 (%), where Iair and Itarget are the
electrical currents of the Pd-functionalized silicon nanowire in
air and in the target gas, respectively. As shown in ﬁgure 4(b),
the response is increased with a high concentration of H2 gas.
The response was expected to decrease at higher temperature
by Joule heating because Sieverts’ law indicates that the
logarithm of the hydrogen solubility increases linearly with
the inverse of temperature at a given partial pressure range of
H2 [11]. However, we could not ﬁnd clear dependence of the
sensor response on Joule heating from several experiments.
We speculate that a small temperature increment (∼15 °C)
above the room temperature is not enough to affect the
hydrogen solubility related to the response but is sufﬁcient to

change the catalytic reaction such as dissociation of hydrogen, which affects the transient response (see ﬁgure S6). As
the self-heating power is increased, fast response and recovery speeds are observed (ﬁgures 4(c) and (d)). High thermal
energy can activate dissociation of H2 molecules into
hydrogen atoms. It is worthwhile to note that our Pd-decorated silicon nanowire shows faster response characteristics
compared to those of previously reported Pd nanowires [9–
11]. One of the reasons is the high surface-to-volume ratio
(SVR) of the Pd nanoparticles compared to those of Pd
nanowires. The SVR of the Pd nanoparticles (diameter
∼12 nm) in this work is calculated as SVR ∼ 0.25 nm−1,
which is larger than those of previously reported Pd nanowires (cross-sectional dimensions in the range of
94 × 183 nm ∼ 11 × 93 nm) with SVR = 0.02 ∼ 0.1 nm−1 [9–
11]. The response and recovery speeds are correlated with the
5
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Figure 4. H2 sensing characteristics of the self-heated silicon nanowire sensor: (a) Real-time measurement of the nanowire current on the
exposure to H2 with different concentrations under conditions of no heating (VD = 0.2 V, top panel) and Joule heating (VD = 1.7 V, bottom
panel). (b–d) Response (b), response time (c), and recovery time (d) versus H2 concentrations without heating (VD = 0.2 V) and with Joule
heating (VD = 1.7 V).

change) of 0.9 ∼ 1.7%, as shown in ﬁgure 4(b). Therefore, we
can assume that the uncertainty from temperature variation is
minimal for our nanowire sensor.
The sensor response to H2 gas can be affected by the
background gases that competitively bind to the surface of Pd
nanoparticles. One of the common interfering gases is the
water vapor that is quantiﬁed as a relative humidity. The
effect of humidity on the sensor response should be considered for the practical applications where the relative
humidity can be varied during the sensor operation. At elevated relative humidity, water molecules condensing on the
Pd surface reduce the surface adsorption sites for H2 gas and
thus the reaction is slowed down [27]. Although reversible
characteristics upon the H2 exposure are maintained
(ﬁgure 5(a)), the sensitivity and response speeds are slightly
degraded at high relative humidity (ﬁgures 5(b) and (c)).

SVR instead of proton diffusion, and fast response characteristics are shown with a decreasing dimension of the Pd
detection element [9, 12, 28].
In self-heated nanowire gas sensors, the resistance
change of the nanowire upon exposure to a target gas leads to
unwanted temperature change due to the power variation
(ΔP = V2/ΔR), which brings an uncertainty to the sensor’s
response [17]. This means there is a trade-off relation between
high signal change (i.e., response) and small temperature
variation. If we reduce the doping concentration of the
nanowire, we can obtain a high signal change [16] but the
amount of temperature variation will be increased by the
greater change of the sensor signal. In our self-heated nanowire H2 sensors, temperature variation around the working
temperature of ∼40 °C is less than ∼0.7 °C by the exposure to
the H2 gas due to small power variation (i.e., small signal
6
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Figure 5. Self-heating for reduction of humidity effect: (a) Real-time measurement of the nanowire current upon the exposure to H2 mixed
with humid air (relative humidity = 85%) under conditions of no heating (VD = 0.2 V, top panel) and Joule heating (VD = 1.4 V, bottom
panel). (b–d) Response (b), response time (c), and recovery time (d) versus relative humidity without heating (VD = 0.2 V) and with Joule
heating (VD = 1.7 V).

Instead, the recovery time is more affected by the humidity
effect (ﬁgure 5(d)). When the relative humidity was increased
from 12% to 71%, the average response time was increased
by 17% (from 23 s to 27 s) but the average recovery time was
much more affected, by 217% (from 17 s to 54 s). However,
both characteristics were enhanced by utilizing the selfheating effect (ﬁgures 5(c) and (d)). As compared to the no
heating condition, the average response and recovery times
were dramatically reduced to the ranges of 5 ∼ 7 s and
12 ∼ 14 s, respectively. Moreover, the humidity dependence
was no longer observed in the Joule heating condition.
Carbon monoxide (CO), which is one of the common
reaction-inhibiting gases on the sensor surface, is generated
due to the incomplete combustion of hydrocarbon fuels and
present in several process conditions [29]. The CO molecules
absorb on the Pd layer and partially block the reaction sites
for H2 molecules, functioning as ‘hydrogen valves,’ so that

hydrogen dissociation and association are prevented, and the
response and recovery speeds of the H2 sensors are degraded
[29]. It is known that heating is effective for detaching bound
CO molecules from the surface of Pd [27]. As shown in
ﬁgure 6(a), the CO gas mixed with H2 gas slows down both
response and recovery speeds, and furthermore prevents full
recovery to the original baseline under a ‘no heating’ condition. When the concentration of the interfering CO gas was
increased from 50 ppm to 200 ppm, the average response time
was increased from 61 s to 72 s and the average recovery time
was degraded from 142 s to 262 s (ﬁgures 6(c) and (d)). Here,
we deﬁne the recovery time as the time period where the
signal reaches 40% from the maximum value to the baseline,
because full recovery to the original level is not observed
without heating. However, as the nanowire was Joule heated,
the recovery and response speeds were dramatically enhanced
by reducing the interference of the CO gas. The self-heated
7
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Figure 6. Self-heating for reduction of the inﬂuence of carbon monoxide (CO): (a) Real-time measurement of the nanowire current upon the
exposure to H2 mixed with different concentrations of CO gas under conditions of no heating (VD = 0.2 V, top panel) and Joule heating
(VD = 1.7 V, bottom panel). (b–d) Response (b), response time (c), and recovery time (d) versus CO concentration without heating
(VD = 0.2 V) and with Joule heating (VD = 1.7 V).

sensor device showed much better characteristics with the
average response and recovery times of 6 ∼ 8 s and 20 ∼ 35 s,
respectively. Similar to the humidity effect, the response was
not much changed due to the CO effect, while the transient
characteristics were highly dependent on the CO concentration under the ‘no Joule heating’ condition. However, Joule
heating of the nanowire dramatically reduced the effect of CO
gas and improved the transient characteristics of the nanowire
sensor.
One notable fact is that the response and recovery times
are affected by H2O or CO molecules but the steady-state
response is not signiﬁcantly affected. In the study of Zhao
et al [27], the transient response (i.e., response and recovery
times) of the optical reﬂectance of a Pd–Au alloy thin ﬁlm to
H2 gas was considerably increased by interfering gases such
as H2O or CO, but the steady-state response was not

inﬂuenced by those interfering gases. This phenomenon can
be explained with the concept that CO or H2O molecules act
as ‘hydrogen valves’ [29]. As shown in ﬁgure S7, CO or H2O
molecules attached to the Pd surface block some active sites
where the dissociation reaction (H2 → 2H) occurs. Thus, it
slows down the generation of hydrogen-induced diploes on
the insulator surface, which leads to elongation of response
and recovery times. However, as the time elapses, the insulator surface eventually becomes saturated with the same
amount of hydrogen-induced diploes, which results in the
same steady-state response.
Pulsed Joule heating has been previously utilized for the
fast desorption of gas molecules from the sensor surface and
direct observation of the kinetics of gas–surface interactions
[30, 31]. As shown in ﬁgure 7(a), a short pulse (VD = 1.7 V)
of Joule heating during recovery enabled fast recovery, as
8
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Figure 7. Pulsed heating for fast recovery with low power consumption: (a) Pulsed heating during recovery. (b) Recovery times as a function
of pulsed time. Inset: comparison of average power consumption according to different heating modes. A gas mixture of 0.5% H2 and
100 ppm CO was used for the pulsed heating experiment.

compared to the no heating condition (VD = 0.2 V). As the
pulse time was increased, the recovery time was further
reduced (ﬁgure 7(b)). It should be noted that a short pulse
longer than 5 s can realize a similar recovery speed as the
continuous heating (VD = 1.7 V). In other words, we can utilize the pulsed heating to reduce power consumption compared to the continuous heating while achieving similar
recovery characteristics. The average power consumption
(Pavg) of each heating mode was calculated for one cycle
(T = 250 s) of response and recovery using the equation
T
∫0 v (t ) i (t ) dt /T , where v(t) and i(t) are the drain voltage and
electrical current of the silicon nanowire, respectively. As
shown in the inset of ﬁgure 7(b), the pulsed heating mode can
reduce the average power consumption down to 2.82 μW,
which is 26 times lower compared to the continuous heating
(Pavg = 74.2 μW). Although a short pulse for the self-heating
increases the average power consumption by ∼2.7 times, as
compared to the no Joule heating condition (Pavg = 1.04 μW),
the operation power is still within a few microwatts and is
suitable for mobile sensing applications.

heating enhanced catalytic reaction of the Pd nanoparticles
and thus the speed of response and recovery speeds of H2
sensing were dramatically improved. In addition, the selfheating enhanced the H2-sensing characteristics by detaching
interfering gases, which prevented H2 reaction sites on the Pd
layer. Self-heating with a short pulse during the recovery had
a similar effect with continuous heating to accelerate the
reaction, but it signiﬁcantly reduced the total power consumption. The self-heated silicon-nanowire-based H2 sensors
have great potential in a wide variety of applications,
including distributed sensor networks for environmental
monitoring, hydrogen fuel systems, handheld leakage detectors, and mobile gas sensors embedded in smartphones, all of
which require ultralow-power consumption, fast response
time, good robustness against interfering gases, low fabrication cost with massive production, and high compatibility
with electronic circuits.
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4. Conclusions
We developed self-heated silicon nanowire sensors for H2 gas
detection. The top-down nanofabrication process based on
CMOS technology has advantages towards massive fabrication of a silicon nanowire array with high uniformity and easy
integration with readout circuits. For sensitive and selective
detection of hydrogen gas, a Pd nanoparticle layer was
deposited onto the silicon nanowire. High power density
within the silicon nanowire generated localized heating,
which enabled not only fast H2 detection but also reduction of
environmental interference such as water vapor and CO gas.
The elevated temperature of the nanowire due to the self-
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