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ABSTRACT: This article reports a nanoporous silicon (Si) thin-
film-based high-performance and low-power hydrogen (H,) sensor
fabricated by metal-assisted chemical etching (MaCE). The
nanoporous Si thin film treated with Pd-based MaCE showed
improvement over a flat Si thin film sensor in H, response (AI/I, =
4.36% — 12.4% for 0.1% H,). Furthermore, it was verified that the
combination of thermal annealing of Pd and subsequent MaCE on
the Si thin film synergistically enhances the H, sensitivity of the
sensor by 65 times as compared to the flat Si thin film sensor (AI/I,
= 4.36% — 285% for 0.1% H,). This sensor also showed a very low
operating power of 1.62 yW. After the thermal treatment, densely
packed Pd nanoparticles agglomerate due to dewetting, which results
in a higher surface-to-volume ratio by well-defined etched holes,
leading to an increase in sensor response.
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1. INTRODUCTION

Silicon (Si) has attracted interest from researchers in various
applications such as optoelectronics,”” energy conversion,’
battery materials, and chemical®® and biological” sensors.
Because of tunable electrical and optical properties of Si by
doping, it is considered as one of the most promising materials
for many nanoelectronic and sensing applications. In addition,
the compatibility of Si with very-large-scale integration and
complementary metal-oxide-semiconductor (CMOS) technol-
ogies is a considerable advantage over other materials.”

Si nanostructures such as Si nanowires (SiNWs),” Si
nanopillars,'® or porous Si'' have high surface-to-volume
ratios. This enhances the diffusion, adsorption, and desorption
of the target molecules, which make them good candidates for
sensing applications.'” Among them, SiNWs have been greatly
investigated for the last 2 decades because of their potential for
high-performance chemical and biological sensors. Their
detection mechanism is based on the change of charge density
induced by the chemical gate effect."> The chemically modified
surface of SiNWs acts as a chemical gate so that the chemical
field-effect-transistor-type sensor responds to the target gas
molecules. For example, palladium (Pd) is a typical chemical
gate material for hydrogen (H,) detection owing to its special
absorption characteristics for H, gas, which can generate a
change in the electric field on the SiNW surface.'*™"”

The fabrication methods of SINWs can be classified into
top-down'® and bottom-up approaches.'® Typically, bottom-
up synthesis can produce high-quality nanostructures with a
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relatively lower cost.'” However, this approach can achieve
neither large-scale reproducibility nor easy device integration.
A common and up-to-date way to fabricate top-down SiNWs is
to use high-resolution lithography techniques such as electron
beam lithography'’ and deep ultraviolet lithography.'®
Although it is possible to achieve nanostructures with good
reproducibility by these high-resolution lithography methods,
their high fabrication costs are unavoidable, which makes the
low-cost mass production difficult.

Alternative cost-effective methods such as deep reactive ion
etching,”® block copolymer,”’ nanosphere lithography," and
metal-assisted chemical etching (MaCE)** have been
suggested to fabricate top-down SiNWs. Among them,
MaCE is a low-cost, top-down fabrication technique for
vertical nanowire array or porous Si. MaCE is fast and facile
since it is based on etching with noble metals and a mixture of
hydrofluoric acid (HF) and oxidizing agents such as hydrogen
peroxide (H,0,). MaCE has a few advantages such as (i)
compatibility with CMOS techniques, (ii) good control over
the shape of the Si nanostructure, and (iii) versatile selection of
etchants.”” Vertically aligned SiNWs by the MaCE method can
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be utilized as gas sensors with high response.”* However, these
gas sensors based on vertically aligned SiNWs rely on the
random networks of nanowires. In addition, leakage current
through the bottom Si substrate is unavoidable. Also, stable
contact with electrodes is difficult due to structural weakness.

In this paper, we report an alternative usage of MaCE in the
fabrication of nanoporous Si thin film, instead of vertically
aligned SiNWs, to achieve high-performance, low-cost, and
structurally robust H, sensors (Figure 1). In particular, Si thin
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Figure 1. Schematic of proposed hydrogen (H,) sensor based on the
nanoporous SiMW decorated with Pd NPs.

film (thickness ~ SO nm) decorated with palladium nano-
particles (Pd NPs) was employed to create Si nanostructures
with etched holes. Typical MaCE methods result in Si
nanostructures with microscale height with high etching
speed (0.5—S5 um/min), which is too high for a Si thin
film."" We adjusted the ratio of the oxidizing agent in an
etchant to create holes with depths of a few tens of
nanometers. In addition, Pd NPs were annealed by the rapid
thermal annealing (RTA) process to induce solid-state
dewetting of Pd NPs, which leads to aggregation of the
NPs* and an increase of the distances between them. The
purpose of annealing was to create a nanoporous surface after
etching, rather than a surface with small roughness. MaCE with
annealed Pd NPs provided a high response to H, gas, which is
60 times higher than that of a flat Si thin film sensor fabricated
without using the MaCE process.

2. EXPERIMENTAL WORK

2.1. Device Fabrication. 2.1.1. SiMW Decorated with Pd NPs. A
p-type silicon-on-insulator wafer with a 50 nm thick top Si layer and
375 nm thick buried oxide layer was used for device fabrication. Si
microwire (SiMW) area was patterned by photolithography with a
positive photoresist (AZ 5214, MicroChemicals GmbH, Germany)
followed by reactive-ion etching of the top Si layer using a mixture of
O, and SF, gases (Figure 2a). The electrode regions were highly
doped with arsenic (As) using an ion implantation process (energy =
25 keV, dose = 5 X 10** em™). SIMW channel areas were doped with
phosphorus (P) by ion implantation (energy = 15 keV, dose = § X
10'* cm™2) to achieve relatively low doping than the electrode regions.
Dopant activation was performed using a RTA process (1000 °C for
10 s in N, ambient). A thin layer of Pd (1 nm) was deposited by
electron beam (e-beam) evaporation in a vacuum (pressure ~ 107°
Torr) on the SIMW channel area (Figure 2b), which resulted in the
formation of Pd NP clusters.

2.1.2. SiMW Decorated with Nonannealed Pd after MaCE
(SiIMW-NPd-MaCE). Metal contacts are formed by depositing 20 nm
of chromium (Cr) and 200 nm of gold (Au) layers with e-beam
evaporation on the source and drain areas (Figure 2c). MaCE method
was used to chemically etch the SiMW channel area using as-
deposited and nonannealed Pd NPs as a catalyst (Figure 2d). The
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Figure 2. Schematics of the fabrication process for (a—e) SiMW-
NPd-MaCE and (a,b,f—i) nanoporous SiMW-APd-MaCE: (a) SIMW
defined by reactive ion etching and ion implantation processes; (b)
Pd NP decoration by e-beam evaporation on SiMW; (c) Cr/Au
electrode formation on SIMW-NPd; (d) MaCE of SiMW catalyzed by
as-deposited Pd NPs; (e) final schematic of SIMW-NPd-MaCE; (f)
Pd-decorated SIMW after the RTA process; (g) Cr/Au electrode
formation on SIMW-APd; (h) selective MaCE of SIMW catalyzed by
thermally annealed Pd NPs; (i) final schematic of SIMW-APd-MaCE.

SiMW channel with annealed Pd NPs was immersed in the etchant for
25 s. To prepare the etchant, deionized water, HF (49% by weight, J.
T. Baker, United States), and H,0, (30% by weight, J. T. Baker,
United States) were mixed with a ratio of 5000:500:1 by volume in a
clean room with controlled temperature and humidity (21 °C, 40%
humidity). The etching time was optimized so that the top Si layer is
not fully etched, but a roughened Si surface with a sufficient surface
area is generated for chemical reaction with the target gas.

2.1.3. SiMW Decorated with Annealed Pd after MaCE (SiMW-
APd-MaCE). After Pd decoration on the SiMW (Figure 2b), annealing
of the Pd-decorated SiMW was carried out using the RTA process
(600 °C for S min in N, ambient) to induce the solid-state dewetting
of Pd NPs (Figure 2f). Details of the temperature profile are described
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(a) Pd 1 nm, SIMW-NPd

RTA, 600°C, 5 min
(c) Pd 1 nm, SIMW-Apd

MaCE

(b) Pd 1 nm, SIMW-NPd-MaCE

(e) Cross section, SiMW-NPd-MaCE

Rough Surface by MaCE

(f) Cross section, SIMW-APd-MaCE

Penetration of Annealed Pd NPs

Figure 3. SEM images of (a) as-deposited Pd NPs on Si by e-beam evaporation (thickness of 1 nm); (b) chemically etched Si surface with
nonannealed Pd NPs after immersing in the etching solution for 25 s; (c) Pd NPs on Si after RTA for S min in N, ambient at 600 °C; (d)
chemically etched Si surface with annealed Pd NPs (thickness of 1 nm) after immersing in the etching solution for 30 s; (e) cross-section of the
chemically etched Si surface with nonannealed Pd NPs; (f) cross-section of the chemically etched Si surface with annealed Pd NPs.

in the Supporting Information (Figure S1). Metal contact is formed as
stated in Section 2.1.2 (Figure 2g). MaCE method was used to
chemically etch the SIMW channel area using annealed Pd NPs as a
catalyst (Figure 2h). The SIMW channel with annealed Pd NPs was
immersed in the same etchant from Section 2.1.2 for the same etching
time. The etched part of the SIMW with MaCE was coated with 50
nm of polymethylglutarimide by spin coating as a H,-permeable
protective layer.

2.2. Characterization. The I-V characteristics of fabricated
devices were measured using an Agilent 4155 semiconductor analyzer
(Keysight, United States). Field emission scanning electron
microscopy (SUS000, Hitachi, Japan) was used to characterize the
surface morphology of the sensors. Focused ion beam (FIB, Helios
Nanolab, FEI, United States) was used to characterize the cross-
section of the channel area of the Pd NP-decorated SiMW. Magnetic
sector secondary ion mass spectrometry (SIMS, IMS 7f, CAMECA,
France) was utilized to examine the Pd impurity in the Si thin film.

2.3. Gas Sensing Experiment. Gas detection experiment was
carried out in a sealed chamber with a gas outlet and inlet. The flow
rate was controlled by mass flow controllers (MFCs). The volume
ratio of N, and O, was maintained as 4:1 to mimic the ambient air
environment, while the total flow rate was fixed at 500 sccm. The
voltage was applied via a sourcemeter (2635B, Keithley, United
States) to collect real-time current response. Both MFCs and the
sourcemeter were controlled by LabView (National Instruments,
United States) interface. Detailed schematic is described in the
Supporting Information (Figure S2).

3. RESULTS AND DISCUSSION

Si surfaces with Pd NPs and nanoporous Si surfaces after
MaCE were observed with scanning electron microscopy
(SEM) (Figure 3). By depositing Pd with e-beam evaporation
(thickness = 1 nm), densely packed Pd NPs were formed on
the surface of the SIMW (SiMW decorated with nonannealed
Pd NPs: SiMW-NPd) (Figure 3a). RTA process was
performed on the SiMW with Pd NPs, resulting in loosely
located NPs with larger sizes on the surface of the SiMW
(SiMW decorated with annealed Pd NPs: SiMW-APd) (Figure
3c). This agrees with atomic force microscopy images that
confirm the diffusion and nucleation of densely located Pd NPs
into larger NPs with low density by thermal annealing process
as reported by Kunwar, et al.*® For annealed Pd NPs, we
analyzed the distribution of particle diameters with an image
processing program (Figure S4). To check the diffusion of Pd
impurity into the SiMW during the RTA process, SIMS
analysis was carried out for SiIMW-NPd and SiMW-APd
(Figure SS). The intensity of Pd inside the SIMW did not

change before and after the RTA process. It can be assumed
that the diffusion of Pd into the Si layer during the annealing
process is negligible.

Subsequently, the SIMW with Pd NPs was immersed in the
etching solution to generate a nanoporous Si film (Figure
3b,d). Both Pd-SiMWs with and without thermal annealing
were treated with MaCE. In Pd-based MaCE, decorated Pd
NPs act like catalysts to oxidize the Si surface so that HF in the
etchant can remove the oxidized Si around the Pd NPs. The
chemical reaction during MaCE can be described as
following' "**

At Pd (cathode)

H,0, + 2H"* + 2¢” - 2H,0 (1)
At Si (anode)
Si + 2H,0-Si0, + 4H" + 4e” (2)

SiO, + 6HF—H,SiE, + 2H,0 3)

SiMW decorated with nonannealed Pd after MaCE (SiMW-
NPd-MaCE) showed a surface with nanoscale roughness
(Figure 3b). To investigate the exact feature, a cross-section of
the etched surface was prepared by FIB (Figure 3e). The
etched surface of SiIMW-NPd-MaCE exhibited a small surface
roughness. In comparison, SiMW decorated with annealed Pd
after MaCE (SiMW-APd-MaCE) had higher surface roughness
with distinct nanosized holes (Figure 3f). From the cross-
sectional view, it is clearly seen that holes were created in the
vicinity of the aggregated Pd NPs. Here, Pd NPs were used as a
catalyst in the MaCE process. Moreover, these NPs remained
in the etched holes on the surface so that they could act as a
chemical gate for the H, gas detection.

The difference between the surfaces of SIMW-NPd-MaCE
and SiMW-APd-MaCE can be explained as follows. After the
annealing of Pd NPs, (i) dewetting of Pd NPs arranges the
distances between nanoparticles and (ii) adhesion between Si
and Pd NPs is improved. The as-deposited Pd NPs are densely
packed so that during the etching, the whole surface would be
etched to create nanoscale roughness. Also, the as-deposited
NPs would be relatively smaller and have lower adhesion.
Thus, NPs can freely move along the surface during the MaCE,
affecting the whole surface. Meanwhile, aggregation of Pd NPs
because of dewetting would etch the Si near the gathered Pd
NPs. In addition, because of better adhesion by thermal
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Figure 4. Schematic models and simulation results of Pd-decorated SiMW devices in different fabrication steps: (a) schematics of the effect of
annealed or as-deposited Pd NPs on the depletion layer of SiMW before and after MaCE; (b) numerical simulation of the electron concentration of
annealed or as-deposited Pd-decorated SiMWSs before and after MaCE upon air or H, exposure. For the Pd NP gate, it is assumed that in air, the
work function of Pd, ¢pg, is 5.2 eV, and in 1% of H, atmosphere, ¢hpq is 5.04 eV, with no external gate voltage applied; (c) comparison of the
simulation results for the voltage bias across the electrodes vs electrical current of SiIMW-NPd, SIMW-NPd-MaCE, SiMW-APd, and SiMW-APd-
MaCE in ambient air (¢hpg = 5.2 eV); (d) summary of the simulation results for voltage bias across the electrodes vs response upon exposure to 1%
H, of SiMW-NPd, SiMW-NPd-MaCE, SiMW-APd, and SiMW-APd-MaCE.

annealing, the Pd NPs would remain in their position during
the MaCE process. As observed in Figure 3e, the aggregated
NPs remained in the etched holes.

To interpret the influences of Pd annealing, MaCE of SiMW,
and their combinations, numerical simulations (COMSOL
Multiphysics) were performed for the calculation of the
electron concentration and electrical current of SIMW-NPd,
SiMW-NPd-MaCE, SiMW-APd, and SiMW-APd-MaCE (Fig-
ure 4). Pd NPs decorated on the Si surface form a depletion
layer in the SIMW because of its high work function. These Pd
NPs can act as a chemical gate by the difference of work
functions between ambient air and H, environments. This
chemical gating effect is represented as the reduction of the
depletion layer (Figure 4a). A rectangular Si channel with 220
nm length and 50 nm height represented a small portion of the
SiMW, which is 1/100 of the original channel length. The Pd
NPs were considered as electrical gates with a very thin
insulator (1 nm thin SiO, film). The sizes of Pd NPs are set as
2 nm and 20 nm for nonannealed Pd NPs and annealed Pd
NPs, respectively. A voltage bias of 0—0.05 V was applied

43617

between the left and right sides of the SiIMW. The work
function of Pd was set as 5.2 eV in the ambient air and 5.04 eV
in 1% H,.”° As shown in the simulation result, the region near
the Pd gates was depleted. For SiMW-NPd, SiMW-NPd, and
SiMW-APd, the Pd chemical gates only affected the Si beneath
the Pd NPs (Figure 4bi,ii,v). Meanwhile, for SiMW-APd-
MaCE, Pd NPs in the nanopores created a wider depletion
region because of contact with the sidewalls of nanopores on
the SiIMW. The vertical edge of Si near the Pd NPs was greatly
affected leading to the formation of a depletion region (Figure
4bviii). We compared the total electrical current versus voltage
bias of four different cases calculated from the simulation
(Figure 4c). By comparison, it can be qualitatively inferred that
the electrical resistance increases after MaCE. For all devices,
the depletion region was reduced (Figure 4bii,iv,vi,viii) by the
exposure to H, gas because of the lower work function of
palladium hydride (PdH,) as compared to that of pure Pd.
However, the effect is much greater for SIMW-APd-MaCE
(Figure 4bviii). The relative change of total current before and
after 1% H, exposure is summarized for four different cases
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Figure S. Electrical characterization and sensing responses of fabricated sensors upon H, exposure: (a) I-V curves of SIMW devices with different
fabrication steps (pristine SIMW, SiMW-NPd, SiMW-APd, SiIMW-NPd-MaCE, and SiMW-APd-MaCE); (b) dynamic real-time response of sensors
(SiMW-NPd, SiIMW-NPd-MaCE, and SIMW-APd-MaCE) to H, gas with concentrations of 0.1, 0.2, 0.5, and 0.8%; (c) response and response time
of SiMW-NPd, SiMW-NPd-MaCE, and SiMW-APd-MaCE sensors; (d) dynamic response of SIMW-APd-MaCE to H, with concentrations of 50
ppm to 0.8%; (e) repeatability test of SIMW-APd-MaCE for 100 ppm of H,.

(Figure 4d). Here, the relative change of the current is
represented as the response, which is defined as

Isat air AI

response = ———— X 100 = — X 100

Iair IO (4)
where I; represents the electrical current in the ambient air
and I, represents the saturation current in the H, environ-
ment. SIMW-APd-MaCE was expected to have a superior
response (AI/I, = 420% at a bias of 0.05 V) upon exposure to
H, environment than SIMW-NPd (AI/I, = 9.38% at a bias of
0.05 V), SIMW-APd (AI/I, = 7.77% at a bias of 0.05 V), and
SiMW-NPd-MaCE (AI/I, = 52.7% at a bias of 0.05 V).

We measured the electrical characteristics of SIMW devices
for each fabrication step—pristine SiMW, SiIMW-NPd, SiMW-
APd, SiMW-NPd-MaCE, and SiMW-APd-MaCE (Figure Sa).
The width, length, and thickness of the SIMW were 20 pm, 20
um, and 50 nm, respectively (Figure S3). Because Pd has a
high work function (¢pg ~ 5.2 eV), Schottky barrier forms
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between Pd and Si, and the depletion layer arises from the
metal—semiconductor junction at the interfacial layer of Si.”’
This depletion hinders the electrical current through the
SiMW, thus resulting in higher electrical resistance of Pd-
decorated SiMWs. The RTA process did not greatly influence
the electrical resistance of the SIMW. After the MaCE process,
the resistance was greatly increased. For SiMW-NPd-MaCE,
this increase in electrical resistance is because of the reduction
of the layer thickness and nanoscale roughness. However, for
SiMW-APd-MaCE, the major resistance change is attributed to
the penetration of Pd NPs in the middle of SiMW so that the
remaining sidewalls are greatly affected by these Pd NPs. We
expected that if these Pd NPs can penetrate the Si thin film,
then a higher portion of the Si film would be affected by Pd
NPs to generate a greater depleted region. In addition, the
depleted region would be affected by the change in the work
function of Pd, which varies upon exposure to H,.

To investigate the sensing characteristics of proposed
devices for H, gas, gas-sensing tests were conducted with
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various concentrations of H, gas mixed with synthetic air. In
this test, we compared the sensing performances of SiIMW-
NPd, SiMW-NPd-MaCE, and SiMW-APd-MaCE (Figure
Sb,c). It is certain that, after the MaCE process, the sensor
response is improved for both of SiMW-NPd-MaCE and
SiMW-APd-MaCE. In addition, the SIMW-APd-MaCE device
showed a much higher response than SiMW-NPd-MaCE.
During the exposure to H, with a concentration of 0.8%,
SiMW-APd-MaCE achieved a superior response of 446%,
which is 62.8 times larger than that of SIMW-NPd. It should be
noted that an operating voltage of 5 V was used for SIMW-
APd-MaCE. It showed a very low power consumption (1.62
uW) during the idle state, and the maximum power
consumption was as low as 5.35 yW for 0.8% H,, which is a
great advantage for the sensor operation. The repeatability test
was carried out for SiIMW-APd-MaCE with 100 ppm of H,
(Figure Se), which showed consistent responses with repeated
exposure to H,.

When comparing the response data of the gas-sensing test
with the simulation results that are explained above, they show
a good agreement with each other (Figure 6). Despite the

[l simulation (1% hydrogen)

— [ Experiment (0.8% hydrogen)
__© 4004
=

X

& 300+

(=

—
~

o 200

(2]

c

O 1004

Q.

o

o O

SIMW-NPd

SiMW-NPd-MaCE SiMW-APd-MaCE

Figure 6. Comparison of response between the 2D numerical
simulation (1% H,) and the experimental result (0.8% H,).

difference of H, concentration between the simulation and gas
test, it shows a similar trend that the combination of Pd
annealing and MaCE allows for superior response compared to
the nonannealed case.

The increased response of SiMW-NPd-MaCE can be
explained by the (i) increased surface-to-volume ratio and
(ii) reduction in the thickness of the Si layer. From the top

view and cross-sectional view of SIMW-NPd-MaCE (Figure 3),
the surface of SIMW-NPd-MaCE has a high surface-to-volume
ratio with nanoscale roughness. Additionally, the total
thickness of the SIMW decreases as a result of etching
catalyzed by closely located Pd NPs. The depletion layer
thickness would be the same, although the total Si thickness is
trimmed. Thus, the ratio of Si affected by Pd increases so that
it would have a higher response during the exposure to H,.”*

Meanwhile, the improved response of SiMW-APd-MaCE
would be mostly attributed to the penetration of Pd NPs into
the middle of the Si layer while increasing its surface
roughness. From the calculation, the depletion layer thickness
of Si contacted with Pd is around 10 nm. If the Pd NPs are on
the surface, they only affect the Si beneath the particles.
However, if the Pd NPs penetrate the middle of the Si layer,
then the depleted volume of Si affected by Pd would be larger,
as it is predicted from the numerical simulation of electron
concentration in Figure 4.

The response and recovery times were calculated as the
elapsed time from 20 to 80% of the difference between H,
saturation and ambient air states. SiIMWs treated with MaCE
(SiMW-NPd-MaCE and SiMW-APd-MaCE) showed slower
response and recovery time than the flat SIMW-NPd. For the
SiMW-NPd, 20 to 80% response time was 16 s for 0.8% of H,.
For SiMW-NPd-MaCE and SiMW-APd-MaCE, the response
time was 29 and 26 s, respectively (Figure Sc). This slowdown
in response and recovery time is common in many SINW gas
sensors fabricated by MaCE.”**”*° The surface of SIMW with
MaCE has nanopores, in which the H, adsorption of Pd NPs is
hindered. From the SEM images in Figure 3d,e, the diameter
of the pore lay in the range of 8 to 26 nm. In this range of pore
size, Knudsen diffusion is the dominant regime since the mean
free path in the atmosphere is larger than the pore size.”*” A
highly nanoporous surface of etched SIMW deters the diffusion
of H, molecules so that it takes much more time for Pd NPs to
reach the saturation point for H, absorption.”>™° Therefore,
we expect that the response and recovery time could be
enhanced by creating a larger pore with larger Pd NPs to
reduce the effect of the Knudsen diffusion regime.

To demonstrate that the SiMW-APd-MaCE sensor is
selective for H, against other gases, with NH; HF, NO,,
HC], and CO, we performed gas tests with those gases (Figure

(a)

exposure to gas

NO, 4 ppm| l==—=NO, 4 ppm
700 NH_ 0.5 ppni ——NH_ 0.5 ppm
HFO.5 pprny y
8 600 HCL05ppr| —— HF 0.5 ppm
by €O 40 ggrr| [——HCI 0.5 ppm
-— 500 ———CO 40 ppm
™ ° N ——H, 100 ppm
= 4004 ——H, 0.5%
3
@ 300+
2
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a
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&)
o 04
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Time (s)

(b)
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NH,10.5 ppm |
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HCI40.5 ppm

CO-40 ppm g
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0 50 100 150 200 250 300 350 400 450
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Figure 7. Selectivity characterization of SiMW-APd-MaCE sensor: (a) real-time responses of SiMW-APd-MaCE sensor to different gases (H,,
NH;, HF, NO,, HC], and CO); (b) selective responses of the sensor against other interfering gases. The sensor showed AI/I, of 370 and 90% to
H, gas with concentrations of 0.5% and 100 ppm, respectively. In comparison, it showed no response to NH; (0.5 ppm), HF (0.5 ppm), NO, (4
ppm), HCI (0.5 ppm), and CO (40 ppm). Here, these gas concentrations were selected by the TWA exposure limit according to NIOSH.
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7). The concentration of each gas was selected based on the
time-weighted average (TWA) exposure limit according to the
National Institute for Occupational Safety and Health of the
United States (NIOSH).*® It was verified that the SIMW-APd-
MacCE sensor shows almost no response to other gases except
H,. This confirms that the suggested sensor can selectively
detect H, gas from other interfering species because of the
natural inertness of Si to these gases and the selective
absorption property of Pd with H,.

We compared recently reported H, sensors based on the
pure Pd nanostructures or Pd-decorated Si, carbon nanotubes,
metal oxides, and graphene in Table 1. Si/Pd-NP-based
sensors have several advantages among several potential H,-
sensing materials. First, they show relatively faster responses
and recoveries. When using decoration of Pd NPs, absorption
of H, only occurs on the surface of the sensors, considering
that Si is inert to H,, which can contribute to the fast response
and recovery. Moreover, the inertness of Si to most of the
gases allows us a good selectivity to a particular target gas. Pure
Pd nanostructures are common sensing materials for the
selective and room-temperature hydrogen sensing. However,
since the sensing mechanism relies on the hydrogenation of
Pd, achieving a low detection limit is difficult and the response
is usually low. Metal oxides are widely used for many gas-
sensing applications because of their high response to various
gases. Yet, they suffer from poor selectivity and high operation
temperature that leads to high operating power for external
heaters. Compared to the previously developed Pd-based H,
sensors, our sensor exhibited a high response and a large
dynamic range. Furthermore, we realized a facile fabrication of
high-performance H, sensors with annealing of Pd NPs and
short-time MaCE of the Si thin film, which could greatly
reduce the fabrication cost compared to the high-resolution
nanopatterning or chemical synthesis of nanostructures. In
addition, our room-temperature-operating sensor showed a
high response with a very low operating power. Although slow
response and recovery speeds limit the MaCE-based sensors, a
simple fabrication process and scalability to inexpensive large
volume manufacturing processes are major advantages of this
approach.

4. CONCLUSIONS

In conclusion, a H, sensor with high performance, low power,
and room-temperature sensing capability was developed
through a low-cost and simple fabrication method based on
Pd-assisted chemical etching. The nanoporous surface of the Si
thin film and penetration of Pd NPs into the Si film increased
the chemical gating effect of Pd. Annealing of Pd NPs by RTA
process induced the dewetting process of the densely packed
Pd NPs leading to larger particles, resulting in longer distances
between them. After MaCE with annealed Pd NPs, a
nanoporous Si film was achieved, rather than a rough surface
by nonannealed-Pd MaCE. Combining the annealed Pd NPs
with MaCE enabled the dramatic improvement of sensor
response for 0.1% of H, by 62.8 times that of the original flat Si
film decorated with Pd NPs and 23 times that of the
nonannealed-Pd MaCE. This SiMW-APd-MaCE sensor
operates with a very low power of 1.62 yW, which is a great
advantage for potential mobile applications. In addition, the
nanoporous Si thin film device did not use any expensive
lithography method for high-resolution patterning because of
the facile Pd-based MaCE process. Because Pd is selective to
H,, the SiMW decorated with annealed Pd after MaCE showed
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good selectivity to H, gas against other gases. The SIMW-APd-
MaCE sensors can be fabricated at relatively low cost
compared to other existing methods. We expect that our
approach would be applicable to large-scale fabrication of H,
sensors based on Si film because of its CMOS compatibility.
This method would also be useful for other future applications
for high-performance and low-cost chemical and biological
Sensors.
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