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a  b  s  t  r  a  c  t

A  practical  strategy  for the  reduction  of  nanogap  width  has been  investigated  using  liquid  nitrogen  freez-
ing of Pd-sputtered  elastomeric  substrates.  Two  types  of  hydrogen  gas  sensors,  in  which  no  pre-strain
and 25%  elongation  were  applied  to  Pd  films  on  the  elastomeric  substrates,  showed  extremely  low  detec-
tion limits  of  less  than  300  and  200  ppm,  respectively,  after  liquid  nitrogen  freezing  and  recovery  to  room
temperature.  For  the  non-strained  sensors,  the nanogap  width  was measured  to  be  about  90  nm,  whereas
eywords:
alladium (Pd)
ydrogen gas (H2)
olydimethylsiloxane (PDMS)
anogap

it was  more  reduced  to 25  nm  on the  elongated  sensors.  Both  sensors  exhibited  perfect  On–Off  switch-
ing,  fast  response,  and  good  reversibility,  which  are  based  on  the nanogap  open–close  mechanism  upon
exposure  to hydrogen  gas.  These  results  provide  a  valuable  clue  for  reducing  nanogap  width,  thereby
improving  the  hydrogen-sensing  capabilities  of nanogap-based  On–Off  hydrogen  sensors.

© 2012 Elsevier B.V. All rights reserved.

iquid nitrogen

. Introduction

With the rapid progress in the design of chemical sensors over
he past several decades, nanoscale gaps have been of great interest
o researchers interested in improving the sensing performance
uch as response time, sensitivity, and selectivity [1–4]. Various
trategies to create nanogaps have been studied, but complicated
nd costly fabrication processes remained one of the biggest chal-
enges to be addressed. In hydrogen gas (H2) sensors, palladium
Pd) nanogap-based sensors have witnessed great advances in
anogap design, which have enabled perfect On–Off sensing and
apid, precise, and selective H2 detection [5–13]. However, some
isadvantages, like poor detection limit and complex fabrication
ethods, have been obstacles to the commercialization of opti-
um  H2 sensors. To tackle these issues, we previously reported on

anogap-based H2 sensors which used an elastomeric substrate
14,15]. Note that nanogaps were generated by either stretching
he Pd film on an elastomeric substrate or by simple exposure
o hydrogen, methods referred to as highly mobile thin films on
n elastomeric substrate (MOTIFE) and cracked Pd films on an

lastomeric substrate (CPE), respectively. Both sensors showed
erfect On–Off behavior, good reliability, and rapid response of

ess than 1s. In addition, those are considered to be important
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strategies for making nanogaps by the use of facile, low cost,
scalable, and lithography-free methods. However, the reduction
of nanogap widths, which is highly related to the detection limit
of nanogap-based H2 sensors, has not been sufficiently explored.
In this regard, even though several papers reported successful
control of the nanogap size to below 100 nm by using top-down
approaches like focused ion beam milling [16], lowering the
detection limit below 0.1% H2 could not be realized.

Here, we  report a practical method for reduction of the nanogap
width to below 100 nm in Pd films on an elastomeric substrate using
liquid nitrogen freezing (LNF). Nanogaps are formed in two differ-
ent ways. In the first sample (sample A), no pre-strain is applied
and random cracks are created after LNF due to a difference in ther-
mal  expansion coefficients between polydimethylsiloxane (PDMS)
and Pd, while 25% elongation by stretching generates cracks before
LNF for the other type of sample (sample B). For both types of sen-
sors, LNF contributes to reduction of nanogap widths by restricting
recovery of cracked Pd to an equilibrium dimension upon exposure
to H2. This easy approach to reduce nanogap widths enables the
sensors to show On–Off behavior with a very low detection limit.

2. Experiments

The elastomeric substrates were fabricated by mixing PDMS
elastomer (Sylgard 184 Silicon Elastomer Base, Dow Corning) with

a curing agent (weight ratio = 10:1), followed by curing at 75 ◦C for
3 h. The PDMS substrate thickness was  0.80 mm and its size was
20 mm × 10 mm.  In the next step, the PDMS substrate was covered
with a 10 nm-thick Pd film using direct current (DC) magnetron

dx.doi.org/10.1016/j.sna.2012.12.009
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
mailto:jinseonoh@yonsei.ac.kr
mailto:wooyoung@yonsei.ac.kr
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ig. 1. Schematic fabrication processes for two types of sensors. No pre-strain is a
efore  LNF for sensor B.

puttering. The Pd film size was 10 mm × 10 mm.  The chamber was
ept under ultra-high vacuum (4 × 10−8 Torr) before Pd deposition
nd the working pressure was 2 × 10−6 Torr. Pd deposition was
onducted under an Ar flow of 14 sccm (purity: 99.9999%) at a
C power of 20 W by the use of a highly pure Pd target (purity:
9.99%) [15].

After all samples went through these processes, they were
ivided into two different categories. For half the samples, 2–3
iquid nitrogen droplets were dropped on the Pd film. The other
amples were put under a tensile strain (25% in this case) exerted
y a tensile machine, then liquid nitrogen was dropped on the Pd

ig. 2. SEM images of nanogaps formed in (a) sensor A and (c) sensor B. (b) and (d) are zo
he  width of nanogaps is shown to be less than 100 nm.
 to the Pd/PDMS before LNF for sensor A, while the Pd/PDMS is elongated by 25%

film. The processed films were brought under a scanning electron
microscope (SEM, JEOL Ltd., JSM-6500F) and an optical microscope
(OM, Olympus Co.) for close examination of surface morphologies.

The H2 sensing system consisted of a gas chamber with a capac-
ity of 250 ml  and H2 and N2 mass flow controllers. The gas chamber
was equipped with a gas inlet and outlet, and a gas mixture of
H2 and N2 flowed into it through the inlet after the gases were
intermixed at a desired ratio. When the chamber pressure was

higher than ambient pressure, a check valve opened, thus the cham-
ber was kept constant at ambient pressure. The purity of both
H2 and N2 gases was 99.9%. The real-time electrical resistance or

om-in images for selected parts of sensors A and B, respectively. For both sensors,
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Fig. 3. Real-time electrical responses of (a) sensor A and (b) sensor B at room tem-
perature. Electric currents were measured in response to H2 concentrations varying
42 T. Chang et al. / Sensors and 

urrent change upon flowing H2 was monitored at room temper-
ture using a current source-measure unit (Keithley 236) and a
anovoltmeter (Keithley 2182) that were connected to a personal
omputer [15].

. Results and discussion

Schematic fabrication procedures for sensors A and B are shown
n Fig. 1. For both sensors, the dimensions of the PDMS substrate

ere identical (20 mm long, 10 mm wide, and 0.8 mm thick) and
he thickness of the Pd film was fixed at 10 nm,  which was the opti-

um  thickness reported in our previous works [14,17]. The only
istinction between the two processes is the presence or absence
f a sample-stretching step before the LNF step. This results in
ifferences in temporal points and overall patterns of crack gen-
ration. The cracks are generally created in Pd/PDMS structures
ue to a surface property change of PDMS from a soft surface to

 silica-like brittle surface during Pd sputtering [18,19].  This brit-
le surface is vulnerable to internal or external stresses such as
onstriction, elongation, and torsion. For sensor A, where no pre-
train was applied, cracks are created by the different magnitudes
f recovery between the Pd film and PDMS substrate after LNF.
his process relies on the larger coefficient of thermal expansion
CTE) of PDMS compared with that of Pd [20–22].  First, the LNF
rocess applies a compressive and tensile strain onto the surface
f Pd and PDMS, respectively, due to the larger CTE of PDMS. Then,
he PDMS substrate tends to recover more swiftly to a larger extent
han the Pd film, leading to a tensile strain on the Pd film and the
onsequent generation of cracks. These cracks are random in nature
ince the stress distribution during LNF and the recovery processes
s somewhat irregular. The subsequent steps (exposure to H2 fol-
owed by N2 ventilation) make the generated cracks become stable
anogaps with optimal gap widths. On the other hand, cracks are
enerated by simply stretching the Pd/PDMS for sensor B. The bro-
en Pd films recontact each other after releasing from elongation,
eaving behind closed cracks. These closed cracks were transformed
nto open nanogaps through the process of recovery to the equi-
ibrium dimensions of the cracked Pd films after exposure to H2.

 LNF step inserted between the crack generation and H2 flow
teps plays an important role in the reduction of nanogap width
ecause the broken Pd films can become more overlapped. The size
f the cracks on the surface of the PDMS substrate is more likely
o constrict during this step, which leads to narrower nanogaps
fter the H2 flow/recovery cycles. The effects of LNF on nanogap
idth and H2 sensing properties are discussed in further detail

elow.
SEM images of sensors A and B fabricated following the above

chemes are shown in Fig. 2. As depicted in Fig. 1, random nanogaps
ppear on the surface of sensor A, possibly due to the irregular
nternal stress distribution developed during the LNF and recov-
ry processes. The center-to-center distance between nanogaps
as about 200 ± 150 �m (Fig. 2(a)). From the enlarged image

f a selected nanogap line, the average width of the randomly
istributed nanogaps was  estimated to be 80–120 nm,  as shown

n Fig. 2(b). In contrast, sensor B shows linear nanogaps on its
urface that are oriented perpendicular to the stretching direction,
s shown in Fig. 2(c). The center-to-center distance between
djacent nanogaps was approximately 30 ± 10 �m,  corresponding
o 10–20% of that of sensor A. This may  be because the 25% uniaxial
train transferred more stress to the Pd/PDMS interface than the
NF process internally did, generating more crack initiation points

n sensor B. The average width of the nanogaps was approximately
5 nm,  as shown in Fig. 2(d), which is more than 10-fold smaller
han that of the nanogaps formed by only simple stretching.
his substantial reduction in nanogap width is attributed to the
in  the range of 5% to a detection limit. The insets of (a) and (b) show response
curves of the respective sensors at lowest detectable H2 concentrations, i.e., 300
and 200 ppm.

contraction of the initial cracks and broken Pd films during the
LNF process, verifying the efficacy of the LNF process as a facile
approach to achieve sub-100 nm nanogaps.

To examine the effects of the reduced nanogaps on H2 sensing
performance, the real-time electrical responses with gradually
decreasing H2 concentrations were measured for both types of
sensors. The results are shown in Fig. 3. Both sensors operate
in perfect On–Off mode over the entire H2 concentration range,
indicating that the closed (On state)–open (Off state) mechanism
of the nanogaps functions well in accordance with H2 absorp-
tion/desorption processes. The apparent On–Off behaviors of the
sensors also eliminate concerns about the possibility of being trans-
formed into On-type sensors in the sub-100 nm regime. The current
level generally varies in a stepwise manner corresponding to H2
concentrations in the range of 2% to the detection limit. This demon-
strates the scalability of our sensors to H2 concentration. The close
current levels for H2 concentrations of 2 and 5% may result from the
fact that the largest volume expansion in Pd films is accompanied
by a phase transition of Pd from the � to the � phase, which occurs
slightly below 2% H2 [23–25].  This reasoning is further supported
by the finding that the current level changes the most between 2
and 0.8% (or 0.5%), in which the phase of Pd changes from a mixture
of � and � phases to only � phase. The response time, defined as
the time to reach 90% of the total change in electrical resistance, is

also found to be short: <1 s over most measured H2 concentrations
for both sensors. This value is comparable to the response times
previously reported for Pd nanogap-based H2 sensors fabricated
by just stretching [14]. The most surprising result for the sensors
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Fig. 4. Comparison of (a) nanogap widths and (b) detection limits between the previously reported nanogap-based sensors (CPE and Pd MOTIFE) [14,15] and the current
LNF-processed sensors (sensors A and B). The detection limit is found to be substantially lowered in accordance with the reduction in the nanogaps.
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aving undergone the LNF process is that the lowest detectable
2 concentrations, simply termed H2 detection limits, are 300 and
00 ppm for sensors A and B, respectively, as shown in the insets
f Fig. 3. These were drastically reduced from the detection limits
f previously reported Pd nanogap-based H2 sensors [14,15]. This
esult provides a simple means to make more promising H2 sen-
ors based on Pd nanogaps, as the poor detection limit has been
ne of the biggest hurdles to overcome for these sensors to meet
igh-performance standards.

The comparisons of nanogap widths and detection limits
etween Pd nanogap-based H2 sensors are summarized in Fig. 4.
epresentative prior nanogap sensors formed on Pd films, i.e., CPE
nd Pd MOTIFE, exhibited average nanogap widths of 900 and
00 nm,  respectively, as shown in Fig. 4(a) [14,15]. These large
idths led to a relatively high detection limit of 4000 ppm, as

hown in Fig. 4(b). Provided that the nanogap width is reduced
o 90 nm (sensor A), the detection limit is drastically reduced to
00 ppm. A further decrease in nanogap width to 25 nm (sensor
) results in an even lower detection limit (200 ppm). Although
he relationship between the nanogap width and detection limit is
ot linear, Fig. 4 clearly shows a general dependence of detection

imit on nanogap width. The wide nanogaps of the previous sensors

equire high H2 concentrations (>4000 ppm) to be closed by vol-
me  expansion of broken Pd films since some amount of � phase

s required to appear for this physical event. In contrast, the much
arrower nanogaps of the LNF-processed sensors can be closed by
the minimal volume expansion that is triggered by H2 absorption at
low concentrations (<300 ppm), where Pd may  stay in the � phase.

4. Conclusions

Sub-100 nm nanogaps were fabricated in Pd films on an elas-
tomeric substrate (PDMS), using a liquid nitrogen freezing (LNF)
process. Two types of sensors were prepared using slightly different
methods, in which the Pd film was  either non-strained (sensor A)
or pre-strained (sensor B) before the LNF. The nanogaps appeared
to be oriented perpendicular to the straining direction in sensor
B, while they were random in sensor A. Sensor B showed very
narrow nanogaps with an average width of 25 nm and a shorter
nanogap-to-nanogap distance than that of sensor A. This width is
more than 10-fold smaller compared with sensors fabricated pre-
viously by just stretching, indicating the LNF process effectively
constricts the Pd/PDMS structure and the generated cracks. Both
types of sensors behaved in a perfect On–Off manner and showed a
short response time (<1 s) and good scalability to H2 concentrations.
Most surprisingly, the LNF-processed sensors achieved a very low
detection limit, down to 200 ppm, which has never been achieved

with Pd nanogap-based H2 sensors. These results reflect that the
shrunken nanogaps enabled by the LNF process can detect trace
amounts of H2 swiftly and precisely, while retaining the On–Off
operability. Furthermore, both the straining technique and the LNF
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rocess can be easily applied to large-scale thin film processes at
ow cost, increasing the possibility that H2 sensors based on narrow
anogaps will be commercialized.
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