
P
s

B
W
a

b

c

R

a

A
R
R
A
A

K
P
N
H
P

1

a
[
a
r
H
o
i
u
t
t
H
t
v
n
[

(

h
0

Sensors and Actuators B 221 (2015) 593–598

Contents lists available at ScienceDirect

Sensors  and  Actuators  B:  Chemical

jo ur nal home page: www.elsev ier .com/ locate /snb

alladium  nanogap-based  H2 sensors  on  a  patterned  elastomeric
ubstrate  using  nanoimprint  lithography

yungjin  Janga, Sungmee  Choa, Cheolmin  Parka, Heon  Leeb, Min-Jung  Songc,∗,
ooyoung  Leea,∗

Department of Materials Science and Engineering, Yonsei University, 262 Seongsanno, Seoul 120-749, Republic of Korea
Department of Materials Science and Engineering, Korea University, 5-1 Anam-dong, Sungbuk-gu, Seoul 136-701, Republic of Korea
College of Liberal Art & Interdisciplinary Studies, Kyonggi University, 154-42 Gwanggyosan-ro, Yeongtong-gu, Suwon-si, Gyeonggi-do 443-760,
epublic of Korea

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 28 January 2015
eceived in revised form 1 June 2015
ccepted 30 June 2015
vailable online 3 July 2015

a  b  s  t  r  a  c  t

Here  we  report  a new  nanogap  formation  manner  at  edges  of  a  palladium  (Pd)  thin  film  on  highly
patterned  arrays  of  an  elastomeric  PDMS  substrate  fabricated  nanoimprint  lithography  (NIL)  by  absorp-
tion/desorption  cycles  of  H2 for use in  the detection  of hydrogen  (H2) gas.  A 10-nm-thick  Pd  layer  was
deposited  on  the patterned  PDMS  substrate  using  an  ultra-high  vacuum  DC  magnetron  sputtering  sys-
tem.  The  Pd nanogaps  (∼100  nm  (W))  formed  on the edges  of  the  grating  structure  by  expansion  and
eywords:
alladium (Pd)
anogap
ydrogen sensors
oly(dimethylsiloxane) (PDMS)

contraction  of the  film  through  a few  cycles  of  H2 absorption  and  desorption.  Such  nanogaps  are  crucial
to  the performance  of  the  sensors.  The  H2 sensors  were  found  to exhibit  a fast  response  time  (∼1  s),
low  detection  limit  (0.1%),  wide  linear  range  (0.1–2%),  and  an  ON–OFF  switching  operation  in  air. These
properties  are  attributed  to the  synergistic  combination  of  nanogap  break  junction  control  in Pd and  the
patterned  elastomeric  substrate.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Hydrogen (H2) gas is one of the promising resources for renew-
ble clean energy that offers an alternative to the use of fossil fuels
1,2]. However, amounts in excess of 4% (40,000 ppm) in ambient
tmosphere are highly explosive or flammable and therefore, accu-
ate detection of H2 gas is extremely important [3]. To date, many
2 sensors have been developed using materials such as metal
xides [4,5], conducting polymers [6] and CNTs [7,8]. Palladium (Pd)
s especially widely used as an H2 sensing material since it absorbs
p to 900 times its volume thereby forming Pd hydride at room
emperatures. These Pd-based sensors exhibit enhanced sensitivi-
ies, high selectivities for H2 gas, reversible hysteresis behavior for
2 absorption/desorption at room temperature and fast response

imes. These attributes have led to the use of Pd-based H2 sensors in
arious nanostructures including thin films [9], mesowires [10,11],

anowires [12,13], nanoparticles [14], nanotubes [15,16], clusters
17] and several others [18].

∗ Corresponding authors.
E-mail addresses: mjsong@kyonggi.ac.kr (M.-J. Song), wooyoung@yonsei.ac.kr

W.  Lee).

ttp://dx.doi.org/10.1016/j.snb.2015.06.142
925-4005/© 2015 Elsevier B.V. All rights reserved.
A recent work introduced a nanogap-based sensing method that
utilizes crack formation in a Pd (and PdNi) thin film [19]. The cracks
were generated by stretching the thin film onto an elastomeric
substrate. This setup was  referred to as highly mobile thin film on
elastomer (MOTIFE) [19]. The MOTIFE sensors functioned perfectly
in the ON–OFF mode. However, insufficient control of the nanogap
width resulted in high detection limits (12,000 ppm H2 in air and
4000 ppm H2 in N2) compared to other sensors and therefore,
limited use in commercial applications. As a result, the nanogap-
based H2 sensors were alloyed with Pd and Ni in order to overcome
this drawback [19,20]. Alloying with Ni hinders the volume expan-
sion of Pd by reducing the H2 solubility of the film. Sub-10 nm
wide nanogaps in the Pd/PDMS substrate were obtained by con-
trolling the initial H2 concentration [21]. In that case, the width of
the nanogaps decreased with decreasing concentration of the initial
feed of H2 gas. Liquid nitrogen freezing of the Pd/PDMS elastomer
substrate and hybrid thin films have also been investigated in rela-
tion to the control of nanogaps [22]. In hybrid films, a Pd thin film is
sandwiched between layers of poly(methyl methacrylate), PMMA,
which upon exposure to H2, prevent the stretching-recovery of

Pd to an equilibrium dimension [23]. A novel cracked Pd film on
an elastomeric substrate (CPE) was developed as an alternative
method to generate nanogap formation by absorption/desorption
of H2 [24]. Mechanical treatments are not needed for the CPE. Strain

dx.doi.org/10.1016/j.snb.2015.06.142
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
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ocalization resulting from adherence (by means of H2 absorption)
f the PDMS to the silica-like surface leads to random crack prop-
gation in the Pd film [24]. Although mechanical treatments are
ot needed, the CPE fails to achieve both nanogap break junction
ontrol and lower detection limits.

In this study, we demonstrate nanogap formation at edges of
he Pd thin film on the patterned elastomeric PDMS substrate
abricated nanoimprint lithography (NIL) via repeated absorp-
ion/desorption cycles of H2. Such a NIL technique is a very precise
nd cost-effective, which provides high-throughput patterning of
olymer nanostructures [25]. Grating structures on patterned elas-
omeric substrates facilitate the control of Pd break junctions and

romote the formation of nanogaps at the edge of the gratings with-
ut mechanical stretching. Through the synergistic combination of
he nanogap break junction control in Pd and the patterned elas-
omeric substrate, these sensors exhibit a significantly improved

ig. 1. The schematic fabrication process of Pd nanogap sensors using an elastomeric su
mprinted (step 1) and peeled off from a Si stamp (step 2). A 10 nm thick Pd layer is then
ycles  are performed (step 4). Finally, nanogaps are formed at the edges of gratings on th

ig. 2. (a) SEM image showing the top view of the 10 nm thick Pd film deposited on the p
c)  corresponding depth profile of Pd/PDMS grates, (d) a cross-sectional STEM image of a 
ors B 221 (2015) 593–598

performance, including faster response time, lower detection limit,
higher sensor response, and ON–OFF switching mode.

2. Experimental details

2.1. Preparation of a Pd thin film on a patterned elastomeric
substrate

Fig. 1 schematically illustrates the fabrication process of Pd
nanogap sensors using an elastomeric substrate patterned by
nanoimprint lithography (NIL). The patterned elastomeric sub-
strate was  fabricated using PDMS (Dow Corning Corp., Sylgard 184)

through a conventional NIL technique. Prior to the fabrication of the
PDMS layer, the Si template with line patterns was manufactured
by electron beam lithography. The grating structures were spaced
2 �m apart in the patterned Si template. The patterned array on

bstrate patterned by nanoimprint lithography (NIL). The elastomeric substrate is
 sputtered onto the detached PDMS substrate (step 3). H2 absorption–desorption

e Pd/PDMS sample.

atterned PDMS substrate and the inset of an optical image, (b) an AFM image and
Pd/PDMS grate.
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Fig. 3. (a) The real-time electrical responses of a Pd/PDMS sensor at room tem-
perature in air, and (b) plot of the response curve of changes in current vs. H2
B. Jang et al. / Sensors and 

he PDMS substrate consisted of 2-�m-spaced gratings, each with
imensions of 6 �m (W) × 0.15 �m (H). The fabrication process con-
ists of several steps. PDMS precursor and curing agent (10:1 ratio,
/w) were mixed and poured into the prepared Si template (step

). The PDMS layer (0.75 mm)  was subsequently peeled off from
he template after curing on a hot-plate at 75 ◦C for 4 h (step 2).
he patterned PDMS was diced into a square size (10 mm × 10 mm)
nd a 10 nm-thick Pd film was deposited on the patterned PDMS
ubstrate using a power of 20 W by an ultra-high vacuum (UHV)
C magnetron sputtering system (SNTEK Co., Ltd) under 34 sccm
r flow (step 3). The chamber base pressure was  retained at
.0 × 10−7 Torr and the working pressure was 2.3 mTorr. The depo-
ition rate of the Pd film at RT was ∼3.7 Å/s at 20 W.  The deposited
lm was repeatedly exposed to a few H2 absorption–desorption
ycles in air (step 4), giving rise to the formation of nanogaps at the
dges of gratings on the Pd/PDMS sample. In more detail, the for-
ation mechanism of Pd nanogaps is explained as the following 3

tages. On 4% H2 exposure, the Pd film expands firstly through the
2 absorption. It was attributed to phase transition from � to � by

he absorbed hydrogen atoms, which corresponds to 3.5% lattice
xpansion. In the second stage, the strain in the Pd film is trans-
erred down to grating of PDMS and the random crack is initiated on
ts edge. Finally, the Pd nanogaps are produced through the crack
ropagation during desorption of H2 and clearly generated after
everal cycles of H2 absorption/desorption.

.2. Analysis of the Pd/PDMS sample

The morphology of the deposited Pd layer was investigated by
eld-emission scanning electron microscopy (FE-SEM; JSM-6701F,

EOL Ltd.), transmission electron microscopy (TEM; JEM-2100F,
EOL Ltd.), and tapping-mode atomic force microscopy (TM-AFM;
E-BIO, Park Systems). A TEM sample was prepared by a dual beam

ocused ion beam system (FIB, Nova 600, FEI Co.). A FIB-deposited
t layer was used to protect the surface of the Pd/PDMS TEM sam-
le from damage during sample preparation. The presence of the
d layer was confirmed by energy dispersive X-ray spectra (EDX;
SM-6701F, JEOL Ltd.).

.3. Measurements of H2 sensing properties

The 10 nm Pd film on patterned PDMS was loaded onto a printed
ircuit board (PCB). Two electrical contacts were formed at ends of
he Pd film and connected to PCB pad using silver paste (P-100,
ans Inc.). The H2 sensing performance of the Pd/PDMS sample
as determined from electrical measurements performed using

 workstation composed of a Keithley 236 source-measurement
nit (Keithley Instruments, Inc., Ohio, USA) and a compatible PC
ith Labview. All electrical measurements were carried out at room

emperature (22 ◦C). The concentration of H2 was  controlled by a
ass flow controller (MFC) using air as a carrier gas. A gas cham-

er (250 ml)  was maintained at atmospheric pressure during the
easurements.

. Results and discussion

Fig. 2(a) shows a SEM image (top view) of the 10 nm thick Pd
lm deposited on the patterned PDMS substrate and the inset
f an optical image. The PDMS substrate was patterned on an
rea with a spacing of 2 �m between the gratings. AFM analysis
Fig. 2(b) and (c)) confirms that each grating has dimensions of

 �m × 0.15 �m (width × height). The cross-sectional STEM image

f the Pd/PDMS grate (Fig. 2(d)) reveals that the 10 nm Pd thin
lm uniformly covered the patterned PDMS substrate. For ON–OFF
witching operation of the H2 sensors, the optimal thickness of Pd
lm was reported to be 9–11 nm [21]. If the Pd thickness exceeds
concentration. (c) The sensor response vs. time curve for the Pd/PDMS sensor for
H2 concentrations of 2–0.1% (the time interval is 1 s).

12 nm,  then the sensors would always operate in the on-state. Pd
films thinner than 8 nm lose functionality and would always be in
the off state. These results were applied in the current study in H2
sensing operations under air.

To measure the electrical current of the Pd/PDMS samples for
detection of H2 gas, a real-time response was monitored at room
temperature with various H2 concentrations (Fig. 3). This sample
was cyclically exposed to 2% H2 in air in order to promote the for-
mation and maintain the stability of Pd nanogaps. The nanogap
formation mechanism will be discussed in more detail in Fig. 5.
Fig. 3(a) plots the response of this Pd/PDMS sample as measured in
1 s intervals. This sample exhibits perfect ON–OFF sensing behavior.
After three cycles of H , the baseline current level was set to zero
2
and perfect ON–OFF sensing was measured for decreasing (from 2
to 0.1%) H2 concentrations. The changes in current were plotted as
a function of the H2 concentration (Fig. 3(b)) using the data from
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Table 1
Comparison of sensing performance to the Pd based H2 gas sensors reported in the literature.

Device type Operating mode Low detection limit (%) Detection range (%) Response time (s) Sensitivity (ppm−1) Ref.

Pd gratings on PC ON 0.005 (air base) 0.005–0.35 18 (0.35% H2) 0.00046 [25]
Pd-NPs/SWNT on PET ON 0.01 (air base) 0.01–1 3 (1% H2) 0.065 [26]
Pd-NCs on SCG ON 0.0025 (N2 base) 0.0025–5 0.70 (2% H2) 0.0108 [27]
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Dendritic Pd on Si ON–OFF 0.11 (N2 base) 

Cracked Pd on PDMS ON–OFF 1.2 (air base) 

Pd on patterned PDMS ON–OFF 0.1 (air base) 

ig. 3(a). Fig. 3(b) reveals a linear dependence of changes in current
n H2 concentrations in the range of 0.1–1.6% (correlation constant,

 = 0.97877 with low detection limit of 0.1%). The sensor response
Fig. 3(c)) to various H2 concentrations is another measure of the
erformance of the sensor and is generally expressed as Eq. (1),

esponse (%) = RH2 − Ra

Ra
× 100 (1)

here RH2 and Ra are the electrical resistances in H2 gas and dry air,
espectively. The response of the sensor was also determined. This
alue is defined as the time needed to reach 90% of the total change
n electrical resistance for a given concentration [19,20]. Response
imes of less than 1 s were obtained for H2 concentrations in the
ange of 0.4–2%. These values increased for concentrations lower
han 0.4% but the recovery time never exceeded 1 s. Compared
o other Pd based sensors reported in the literature, our sensor

hows enhanced sensing performances in air, such as lower detec-
ion limit, wider detection rage, faster response, higher sensitivity
nd ON–OFF operating mode (Table 1). Although Ho’s group devel-
ped a flexible Pd-based H2 sensor with the similar structure to

ig. 4. Cross-sectional STEM images of the edge of the Pd/PDMS sensor (a) before and (b
disconnected Pd layer, red dots), and (d) no nanogap formation at the edges of the Pd layer
o  color in this figure legend, the reader is referred to the web  version of this article.)
1–9.6 23 (9.6% H2) 0.0000625 [28]
.2–2 <1 (2% H2) – [19]
.1–2 <1 (2% H2) 0.8 This work

those considered in this work, it showed, however, lower sensitiv-
ity, slower response time and always ON operating mode. It might
be attributed to no formation of Pd nanogaps. In our previous study,
the cracked Pd-based H2 sensors were fabricated by stretching a
flexible substrate [19]. The Pd nanogaps on PDMS were generated,
however, this sensor exhibited higher detection limit and narrow
detection range under air in comparison to our sensor. It was origi-
nated from wide nanogaps that were obtained owing to the grooves
(ca. 300 nm wide and 50 nm deep) formed during stretching.

The exact position of Pd nanogap formation on a Pd/PDMS
sample was investigated using TEM (STEM) after FIB milling pro-
cess (Fig. 4). STEM images compare the deposited Pd layer before
and after the H2 cycling treatment (Fig. 4(a) and (b)). H2 cycling
(Fig. 4(b)) results in the formation of a gap (∼100 nm wide) in
the initially, uniformly deposited Pd layer (Fig. 4(a)). The resulting
lower detection limit can be attributed to the small width of the

nanogap. STEM elemental mapping images (Fig. 4(c)) were used to
confirm the exact disconnection of the Pd films from the edge of
PDMS grating. Fig. 4(c) confirms that the nanogap formed in a par-
ticular region (especially at the edge of the grating structure) by

) after H2 cycling treatment, (c) elemental mapping images of nanogap formation
 on PDMS after repeatable H2 treatment cycles. (For interpretation of the references
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Fig. 5. (a) Schematic images of the sensing mechanism for Pd nanogap formation using volumetric expansion through H2 absorption and desorption, and (b) the changes in
current response with ON–OFF operation depending on electron transfer at the edge of the Pd/PDMS sensor.
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ig. 6. Repeatability tests of the real-time electrical responses vs. time of the Pd/PD
.9%  concentration H2 at 55 on/off cycles.

xpansion and contraction of the Pd film. In addition, STEM image
ith elemental mapping images of lateral surface of the Pd grating

howed continuous connection of the Pd layer and no nanogap for-
ation at the edge of the Pd layer on PDMS, as shown in Fig. 4(d).

ased on the STEM observation, the cross-sectional view of the
d/PDMS grating revealed that nanogaps randomly formed at the
dges of the structure after repeatable H2 treatment cycles. To sum-
arize, the ON–OFF sensing property of the H2 sensors results from

d nanogaps which formed at the edges of the grating structure.
Pd-based H2 sensors function by means of the carrier scatter-

ng effect. This effect originates from the formation of PdHx which,
n turn, generates differences in the resistance in the system. The
urrent system, however, is based on the strong connection which
esults from volume expansion of the Pd layer when H2 is absorbed.
ig. 5 presents the mechanism of the nanogap formation on the
d/PDMS sensor with the pattern (a) and its ON–OFF operation
rinciple for detection of H2 (b). Pd nanogap formation results from
he absorption and desorption of H2 (Fig. 5(a)). When exposed to
2, Pd converts to Pd hydride (PdHx) through absorption of H2
olecules and the thin film expands. PdH reconverts to Pd upon

he desorption of H2 and the film contracts. The consequent for-
ation of nanogaps is facilitated by the flexibility of the PDMS

19]. These nanogaps form especially easily at the edges of the grat-
ng structures owing to strain localization. This strain localization

ccurs as a result of the difference in expansion between the thin
d layer and the PDMS substrate. Strain in the Pd layer extends to
he PDMS substrate during lattice expansion or contraction. Based
n the Pd nanogap, these sensors operate as a perfect ON–OFF
nsor (a) in the H2 concentration ranges of 0.2–0.9% at 10 on/off cycles and (b) under

mode according to absorption and desorption of H2 (Fig. 5(b)). This
ON–OFF switching operation is facilitated by the flexibility of the
PDMS substrate [19]. The entire operation depends on the presence
of H2. For example, when H2 is absent from ambient air, the elec-
tron transfer pathway is cut owing to the nanogaps (OFF-switching
mode) which form on the edge of the grating. On the contrary, lat-
tice expansion of the film during H2 exposure results in closure of
the nanogaps and hence, electron transfer (ON-switching mode) at
the edge of the Pd/PDMS sensor (Fig. 5(b)). This ON–OFF switching
occurs repeatedly and the extent of nanogap closure is proportional
to H2 concentrations lower than 1.6%.

Fig. 6 shows the repeatability tests of the Pd/PDMS sensor with
various concentration of H2. At 0.2, 0.7, and 0.9% H2 concentra-
tions, the current response showed obviously constant with no
significant change during 10 repetitions with a perfect ON–OFF
sensing behavior, as shown in Fig. 6(a). The response and recov-
ery times maintained almost constant at high H2 concentrations
(0.7 and 0.9%, respectively). A more detailed repeatability test was
carried out on the best performing H2 concentration (0.9%) during
55 ON–OFF cycles as shown in Fig. 6(b). This result showed a consis-
tent repeatability in each cycle, indicating that the Pd/PDMS sensor
was stable and fast for an extended period of ∼8000 s.

4. Conclusion
Novel Pd-based H2 nanogap sensors on a patterned elastomeric
substrate were fabricated by nanoimprint lithography (NIL). The
grating structures in these sensors facilitate the control of Pd break
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unctions. Narrow (width less than 100 nm)  Pd nanogaps were gen-
rated on the edge of the grating by expansion and contraction of
he film. Furthermore, the flexible substrate enables the formation
f the nanogaps owing to the expansion difference between Pd and
DMS. These nanogap sensors exhibit a perfect ON–OFF switching
peration and significantly improved performance, including fast
esponse time, low detection limit, and high sensor response.
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