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an Elastomeric Substrate
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With the recent reillumination of the hydrogen economy around the world, the
demand for H, sensors is expected to increase rapidly. Due to safety issues
caused by the highly flammable and explosive character of hydrogen gas (H,),
it is imperative to develop the sensors that can quickly and sensitively detect
H, leaks. For the development of H, sensors, Pd-based materials have been
extensively used due to the high affinity of Pd metal for H,. Among Pd-based
H, sensors, Pd nanogap-based sensors have been extensively investigated
because these sensors can operate in an on—off manner, which enables them to
have improved sensing capabilities, including high sensitivity, rapid response,

utilize different sensing mechanisms
and their performance specifications are
presented in Table 1! (These data were
obtained from the summary of a survey that
was recently conducted by Hiibert et al.l)
In addition, the global demand for gas sen-
sors continues to increase: the global Gas
Sensor Market was valued at $2.54 billion in
2017 and is expected to reach $3.7 billion in
global sales by 2025 (https://www.amerire-
search.com/product/gas-sensor-market/).

short recovery time, and good reliability. Importantly, significant advances in
H,-sensing performance have been achieved by simply using an elastomeric

Therefore, the global H, gas-sensor market
will also grow significantly in fields where
H, is produced, stored, distributed, or used.

substrate to form Pd nanogaps. Herein, the progress and advanced approaches
achieved over the last decade for Pd nanogap-based H, sensors supported

on elastomeric substrates are reviewed, with a focus on strategies to reduce
detection limits and increase reliability, sensitivity, and stability.

1. Introduction
1.1. Hydrogen Sensors

H, has been regarded as an eco-friendly and efficient energy
source for decades owing to its cleanliness, abundance, and recy-
clability. However, it has a wide explosive concentration range
(4-75 vol%), high heat of combustion (142 k] g7!), low ignition
energy (0.02 mJ), and high flame propagation velocity.! More-
over, H, gas is colorless, odorless, and tasteless; hence, it cannot
be sensed by humans. Therefore, accurate and rapid detection of
H, is an essential prerequisite for its widespread use in a variety
of fields. This requirement has led to extensive research on the
development of high-performance H, sensors. In particular,
the number of studies related to H, sensors has increased sig-
nificantly since 2000, as shown in the graph of Figure 1. Con-
sequently, various types of H, sensors have been proposed and
practically used.?7® The commercially available sensors that
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1.2. Pd-Based H, Gas Detection

Among H, sensors, Pd-based sensors

have been widely studied because of the
inherent ability of Pd to easily dissociate H, molecules into
H atoms on the Pd surface and then spontaneously and selec-
tively absorb H atoms in octahedral interstitial sites of the
face-centered cubic (fcc) Pd lattice at room temperature.t
With the developments in microstructure technology, it is
possible to improve the electrical H,-sensing performance by
imprinting-based Pd grating and a crackle lithography-based
Pd network,1% and H, detection based on changes in optical
properties has been demonstrated.["]

Among Pd-based H, sensors, Pd nanogap-based H, sensors,
which operate in an on-off manner, exhibit excellent sensing
performance, including high sensitivity, rapid response, short
recovery time, and good reliability.¥ This is a novel approach
to overcome the problems inherent in the scalability of
Pd nanowire H, sensors and the poor sensing properties of
Pd-thin film H, sensors. In Pd nanogap-based H, sensors, the
nanogap width plays an important role in the H, sensing per-
formance. Thus, there have been a variety of approaches to con-
trol the width of Pd nanogaps for improved sensing properties.

A Pd H, sensor based on nanogaps was first demonstrated
using Pd mesowire arrays 20 years ago.l”) Mesowires com-
posed of Pd nanoparticles were electrodeposited on the edge of
a step in single-crystalline graphite and were transferred onto
a cyanoacrylate film (Figure 2a). Up to 100 Pd mesowires were
arrayed in parallel, as shown in Figure 2b. The Pd mesowires
were initially electrically conductive (Figure 2c). However, after
the H, exposure cycle, volume shrinkage of the Pd nanoparti-
cles occurred, creating a nanogap between the Pd nanoparti-
cles. As a result, current stopped flowing, making the mesowire
an on-off sensor (Figure 2c). The break junction mechanism
was confirmed by atomic force microscopy observation of

© 2021 Wiley-VCH GmbH
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Figure 1. Growth in the number of studies related to H, sensors since
1980 according to an enquiry (October 2020) of the ISI Web of Knowledge,
Thomson Reuters.

individual Pd mesowires (Figure 2d). The results confirmed
that Pd mesowires could substantially improve H,-sensing per-
formance, but they also revealed a disadvantage for detecting
low concentration of H,, i.e., high detection limit of 2.25%.
On the other hand, Pd mesowires can operate as an always-
on sensor when the nanoparticles are distributed too densely.
The detection limit of the always-on sensor was =0.5%. To
improve the sensitivity of Pd nanowires, various fabrication
methods have been proposed.l?°-22 Lithographically patterned
nanowire electrodeposition (LPNE) enabled the fabrication of
single Pd nanowires with significantly reduced lateral dimen-
sions (reduced to 20 nm in height).?!! The results demon-
strated that decreasing the Pd nanowire size led to improved

www.advmat.de

sensing performance in terms of sensitivity, response time,
and recovery time.l?l Moreover, these nanowires could detect
H, in nitrogen in the range of 2 ppm to 10%.12!] Furthermore,
the surface of the Pd nanowires prepared by LPNE was uni-
formly coated with a Pt layer. The response speed of the Pd-Pt
core—shell nanowires was increased by a factor of 2 relative
to that of uncoated Pd nanowires, and the recovery time was
accelerated by a factor of 25 at the limit of detection in air.l?
The sensing performance of these modified Pd nanowires was
strongly affected by temperature. As the operating temperature
increased, the response and recovery significantly improved
due to thermally activated sensing process, but the sensing
response decreased because of the low solubility of H in PdH,
in the heated nanowires.[2-23]

The detection mechanism of this type of Pd mesowire array
on single-crystalline graphite step edges is based on the lattice
expansion of discontinuous Pd nanoclusters during hydrogena-
tion. The application of the sensing mechanism was expanded
to sensors based on discontinuous ultrathin Pd films.[2+28]
During exposure to H,, some clusters form electrical connec-
tions because of the Pd volume expansion, and conducting
pathways are created through the film, thereby reducing the
overall electrical resistance of the film (Figure 3). To understand
the Hj-sensing behaviors and the corresponding electric trans-
port mechanisms, ultrathin Pd films were investigated using
various substrate materials such as SiO,,1?4 Si,[?% Si;N ] sup-
porting polymer (SU8),”l and siloxane self-assembled mon-
olayers (SAMs).8l Among these materials, a discontinuous
ultrathin Pd film deposited on a siloxane SAM-coated glass

Table 1. Comparison of the performance specifications of commercially available sensors. Reproduced with permission.! Copyright 2011, Elsevier B.V.

Sensor type Mechanism Performance
Detection range [vol%] Response time [s] Power consumption [mW] Gas environment Lifetime [years]
Catalytic Pellistor Up to 4 <30 1000 —20to0 70 °C 5
5-95% RH
70-130 kPa
Thermal conductivity Calorimetric 1-100 <10 <500 0-50 °C 5
0-95% RH
80-120 kPa
Electrochemical Amperometric Up to 4 <90 2-700 —20to 55°C 2
5-95% RH
80-110 kPa
Resistance-based Semiconducting Upto2 <20 <800 —20to 70 °C >2
metal—oxide 10-95% RH
80-120 kPa
Metallic resistor 0.1-100 <15 >25 0-45 °C <10
0-95% RH
Up to 700 kPa
Work function-based Capacitor Upto5 <60 4000 —20 to 40 °C 10
0-95% RH
80-120 kPa
MOS field effect Up to 4.4 <2 700 —40 to 110 °C 10
transistor 5-95% RH
70-130 kPa
Optical Optrode 0.1-100 <60 1000 —15to 50 °C >2
0-95% RH
75-175 kPa
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Figure 2. a) Schematic diagrams of formation procedure of Pd mesowire arrays (PMA). b) Scanning electron microscope (SEM) image of the active
area of a PMA-based H, sensor. ¢) Sensing mechanism (top) and current response (bottom) of PMA-based H, sensor. d) Atomic force microscope
(AFM) images of a Pd mesowire on a graphite surface in air (left) and H; (right). A Hy-actuated break junction is highlighted. Reproduced with permis-
sion.”l Copyright 2001, American Association for the Advancement of Science.

substrate showed a rapid response time of 70 ms for 2% H,
and a low detection limit of 25 ppm H,.?®l This was explained
by the narrowing of the intercluster gaps, which was attributed
to the reduction of adhesion between Pd and the glass substrate
due to the siloxane SAM.[2]

Nanogap-based H, sensors using Pd nanowires have been
further studied.l?*-331 Pd nanowires were fabricated by electro-
deposition with different Pd plating solutions!?*3! or different
templates (highly oriented pyrolitic graphite (HOPG))? and
anodic aluminum oxide nanopore (AAO) films.3334 All these
sensors operated through the opening and closing of the Pd
nanogaps upon exposure to H,. It has been shown that the

a b
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\

\ 73
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Figure 3. Schematics of the H,-sensing mechanism in ultrathin Pd films:

a) discontinuous and nonconducting Pd nanocluster film before exposure

to H, and b) formation of conducting pathways due to continuous Pd
nanoclusters by volume expansion during exposure to H,.
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sensitivity and response time of the sensors are greatly affected
by nanogap formation, which is influenced by the nanowire
diameter and surface morphology. In particular, free-standing
Pd nanowire arrays were fabricated after electrodepositing
into the nanopores of the AAO film and removing the AAO
template. The diameter of the nanowires was in the range of
80-90 nm. The nanogap distance between the wires varied
greatly across the array, ranging from a few nanometers to hun-
dreds of nanometers, as shown in Figure 4. Owing to the high
surface area of nanowires, this nanowire array sensor could
detect H, concentrations as low as 0.2% with rapid response
and recovery times of 0.7 and 20 s, respectively.

In addition, a novel fabrication method for Pd-based H,
sensors with vertical nanogaps has been reported.l®! Vertical
nanogaps between two suspended Pd/Ti/poly-Si trimorph elec-
trodes and a single fixed Pd/Ti bottom electrode were demon-
strated (Figure 5). These sensors can be manufactured on a
large scale and have the advantage of significantly reducing the
nanogap width to less than 10 nm. However, despite the narrow
width of nanogaps, these sensors suffer from a high detection
limit of =1.5%, similar to that of other nanogap sensors, and
they also do not operate in an on—off manner.

In particular, in Pd nanogap-based H, sensors, signifi-
cant advances in H,-sensing properties have been achieved
by simply using an elastomeric substrate to form a cracked
Pd thin film, in which the cracks act as nanogaps.'® This
lithography-free method is quite cost-effective and allows for

© 2021 Wiley-VCH GmbH
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Figure 4. Scanning electron microscope (SEM) images of Pd nanowires
grown on Si substrate using AAO template. a) Top-view image of Pd
nanowires showing the diameter of nanowires and gaps between nano-
wires. b) Cross-sectional view of the free-standing Pd nanowires on Si
substrate after the removal of AAO template. Reproduced with permis-
sion.B*l Copyright 2006, IEEE Xplore.

the manufacture of large-scale devices. Herein, we review the
progress and advanced approaches for Pd nanogap-based H,
sensors supported on elastomeric substrates, which have been
achieved over the past decade. This review is classified into the
following categories: strategies for reducing detection limits;
enhancing reliability, selectivity, and sensitivity; and improving
stability in humid and thermal conditions.

spacer Ti/Pd

poly-Si
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1.3. Historical Review of Pd Nanogap H, Sensors on
Elastomeric Substrates

Figure 6 summarizes 10 years of extensive research on H, gas
sensors based on Pd nanogaps formed on elastomeric sub-
strates, aimed at demonstrating the enhancement of H, detec-
tion performance. In 2011, H, sensors based on Pd expansion
due to the absorption of H atoms were reported by Lee et al.,
using nanogaps formed by generating cracks on a Pd film
deposited on polydimethylsiloxane (PDMS) with mechanical
stretching without a lithography process.'® This was the first
H, sensor demonstrated on an elastomeric substrate, in which
clear on—off sensing signals were obtained at an H, concentra-
tion lower than that of other sensors based on the Pd expan-
sion mechanism by implementing highly mobile films, thereby
eliminating the stress at the interface due to the volumetric
change. Therefore, these H, sensors were called highly mobile
thin films on elastomers (MOTIFE). The PdNi alloy-based
MOTIFEs reported with Pd MOTIFEs showed improved perfor-
mance, including the rapid response time, high concentration
discernibility, and a low concentration detection limit through
a study on the optimization of Ni content during the following
year (2012).3% In the same year, a cracked Pd film on an elasto-
meric substrate (CPE) was developed based on a spontaneous
nanogap formation process by absorption and desorption of H,
without the stretching process.’”l In this work, the reversible
on—off sensing mechanism of Pd nanogaps on the elastomer
was analyzed in detail through a systematic study of the thick-
ness of Pd films. In 2013, a liquid nitrogen freezing (LNF)
process that reduces the H, detection limit by decreasing the
nanogap width in both Pd MOTIFEs and CPEs was reported.*8l
Moreover, by controlling the H, exposure during the nanogap
formation process, extremely small nanogap widths were
obtained, detecting the lowest H, concentration ever reported
in Pd film-based sensors.}? Separately, a different approach to
decrease the detection limit was also attempted by connecting
a Pd MOTIFE with an oxide thin-film transistor (TFT).
In this early stage of the study, H, sensing tests were con-
ducted in an inert atmosphere with N, carrier to investigate
the on-off sensing mechanism and to improve the intrinsic
sensing performance, including the sensitivity, detection limit,
discernibility, and response time.

In subsequent studies, for practical application of H, sen-
sors based on Pd nanogaps on elastomeric substrates, the

Figure 5. Schematics of the sensing mechanism based on an interconnection between suspended Pd/Ti/poly-Si top electrodes and a Pd/Ti bottom
electrode. Reproduced with permission.3%l Copyright 2010, IOP Publishing Ltd.
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Figure 6. Historical overview of research on H, sensors based on Pd nanogaps formed on elastomeric substrates. According to the nanogap formation

method, these elastomer-based nanogap sensors are classified into MOTIFE
CPEs, which are based on spontaneous cracking of Pd due to H, absorption
structures. In the early stages, intrinsic H, sensing performance including the

s, where the cracks of Pd films were generated by mechanical stretching;
and desorption; and NRBs, in which the cracks were formed by stepped
sensitivity, detection limit, discernibility, and response time were studied

in N,. In the subsequent studies, the sensing properties for practical use were investigated, such as the reliability, stability, and selectivity. Repro-

duced with permission.® Copyright 2011, Wiley-VCH GmbH. Reproduced wit
sion.1383% Copyright 2013, Elsevier B.V. Reproduced with permission.l*l Cop
Copyright 2014, Elsevier B.V. Reproduced with permission.t?l Copyright 2015,

h permission.?®37l Copyright 2012, Elsevier B.V. Reproduced with permis-
yright 2013, Royal Society of Chemistry. Reproduced with permission.!l
Elsevier B.V. Reproduced with permission.[*l Copyright 2015, Wiley-VCH

GmbH. Reproduced with permission.l*#€ Copyright 2016, Elsevier B.V. Reproduced with permission.*] Copyright 2016, Springer Nature. Reproduced
with permission.¥”] Copyright 2017, Elsevier B.V. Reproduced with permission.l*8l Copyright 2019, Wiley-VCH GmbH. Reproduced with permission.*]

Copyright 2019, IEEE-INST Electrical Electronics Engineers Inc.

reliability of advanced Pd MOTIFEs and CPEs in ambient
atmosphere, stability under humid conditions, selectivity
in several toxic gases, and thermal stability were intensively
investigated. First, a Pd—polymethyl methacrylate (PMMA)
hybrid MOTIFE was developed by Jang et al. in 2014, in which
Pd nanogaps were sandwiched by a thin PMMA layer. Hence,
the detection limit in air could be reduced by selective pen-
etration of H,.*l In addition, improved H, sensing perfor-
mance was demonstrated with a patterned CPE in air based
on an artificially controlled Pd grating using the nanoimprint
lithography (NIL) technique in the following year (2015).4? In
the same year, a stamped Pd nanoribbon (NRB) array was also
developed, which was fabricated using the imprint transfer
technique of a Pd film based on a polyethylene terephthalate
(PET) substrate.3] In 2016, it was realized that the detection
limit in air could be reduced by controlling the strain param-
eters, including the strain velocity and magnitude, of the crack
generating process using mechanical stretching based on
the typical Pd MOTIFE without the development of complex
structures.[*®! In this study, it was clarified that the nanogap
density plays an important role in the detection of low H,
concentration, as does the control of nanogap dimensions

Adv. Mater. 2021, 2005929
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with strain engineering. The degradation of the H, sensing
signal of Pd MOTIFEs under various humidity conditions
was investigated, and the selectivity of H, over several toxic
gases including CO, NO, NO,, and NH; was also confirmed
in the same year.*l The thermal stability of the Pd MOTIFEs
was studied by observing the influence of annealing tempera-
tures from 80 to 200 °C on the H, sensing performance in
201741 Pak et al. developed an advanced stamped NRB array
in 2019.1¥8 In this stamped PdAu alloy NRB, the width of the
nanogap was controlled by annealing of the polystyrene (PS)
substrate, and at the same time, the 8 Pd hydride formation
was suppressed through Au alloying. As a result, the stability
of H, detection increased dramatically, and a very low detec-
tion limit was demonstrated in an air environment. A fabrica-
tion method of Pd NRB based on polyurethane acrylate (PUA)
substrates was also reported using the nanoimprint technique
in 2019.41 The fabrication process and the sensing perfor-
mance specifications of various H, sensors based on the Pd
nanogaps formed on the elastomeric substrates are summa-
rized in Table 2. The enhancement of sensing performance
caused by variations in each process parameter is discussed in
detail in the next section.

© 2021 Wiley-VCH GmbH
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2. Fundamentals
2.1. Hy-Induced Lattice Expansion in Pd

H, can be absorbed by various materials to form metal
hydrides,®” nonmetal hydrides,” and complex hydrides.?
Among these materials, transition metals (TMs) have attracted
much attention for use as H, absorbents because of their high
density of states (DOS) near the Fermi level and moderate
electronegativity compared to H,. However, the enthalpies
of formation (AH) for binary metal hydrides are found to be
positive, indicating inefficient H, absorption, for most transi-
tion metals in group 6 to 11 except for Pd, Ni, and Cr.*l Among
these three metals for which AH is negative, only Pd forms a
stable hydride;** Pd also possesses the lowest activation energy
for H, diffusion from the surface to the subsurface layer, which
is advantageous for H,-sensing.”®l The absorption of H, by Pd
induces an expansion of the metal lattice. Pd has a fcc structure
with a lattice constant of a = 0.3890 nm."®l Two kinds of inter-
stitial sites exist in fcc Pd: one octahedral and two tetrahedral
sites per Pd atom.’’l Despite the theoretical calculations that
tetrahedral sites are energetically more favorable than octahe-
dral sites, disregarding the zero-point energy of H,, H atoms
tend to occupy the octahedral site in Pd because the sharper
vibrational potential at the tetrahedral site causes a higher zero-
point energy than at the octahedral site.®!

The reaction steps between H, gas and Pd are presented in
Figure 7a. When Pd is exposed to H, gas, the H, molecules phy-
sisorb on the Pd surface by the van der Waals force. Then, H,
molecules dissociate into H atoms on the Pd surface and subse-
quently diffuse into Pd. These chemisorbed H atoms occupy the
octahedral sites of the fcc Pd lattice. This reaction occurs sponta-
neously at room temperature and atmospheric pressure.

The occupation of interstitial sites by H, results in lattice
expansion in Pd due to lattice distortion, forming Pd hydride.
In the Pd-H system, Pd hydride can exist in two different
phases, o and S phases. Contrary to what one can infer from
its name, Pd hydride is an alloy of Pd with metallic H,, which
is different from ionic hydride. Upon H, absorption at low H,
pressure, H atoms are slightly dissolved into Pd, causing partial
filling of interstitial sites to form the « phase, a solid-solution
phase (Figure 7b). With increasing H, pressure, the amount of
absorbed H, increases and reaches the maximum boundary of
o phase 1., = 0.02 (n = H/Pd, atomic ratio of absorbed H
relative to Pd) at room temperature.’% At this boundary, a first-
order transition occurs in the PAH matrix, where the nuclei of
the B phase start to form in the o phase with the large uptake
of H,, and subsequently the o and 3 phases coexist until the
minimum boundary of the f phase ngy;, = 0.58 at room tem-
perature.) The region between ngy,y and ngy, is called the
miscibility gap, which becomes narrower as the temperature
increases. The absorption of H, in this region occurs at a
nearly constant pressure, which is called the plateau pressure.
This plateau pressure arises from the reordering of the a to 8
transition. Above the ratio of n = 0.58, the o phase completely
disappears, and only the § phase exists in the system at room
temperature.

The lattice constant of the o phase expands with increasing
H absorption, and when n = 0.02, it reaches a maximum @, .,
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of 0.3895 nm, which is 1.3% longer than that of pure Pd at room
temperature (Figure 7c).’”) The formation of the 8 phase with
increased H, solubility accompanies the large H, absorption,
which induces a larger lattice expansion than that of the « phase.
The minimum lattice constant of the S phase is ag i, = 0.4025 nm,
and it increases to ag = 04040 nm (at n = 0.7) with a higher H,
pressure in the Pd hydride at room temperature.*’]

2.2. H, Sensing Mechanism of Pd Nanogaps

The MOTIFEs and CPEs detect dilute H, with numerous Pd
nanogap arrays formed on an elastomeric substrate. These
sensors can be fabricated through simple and continuous pro-
cesses without conventional complicated processes such as
lithography because the nanogaps are spontaneously induced
by the elasticity of the substrate. Figure 8a shows the sequence
of processes required to fabricate a typical MOTIFE. As the elas-
tomeric substrate, PDMS has remarkable mechanical elasticity
with chemical inertness to H, and without interdiffusion with
Pd.®! First, a Pd thin film was deposited on the PDMS using
the sputtering process (Figure 8b), and then the entire sample
was elongated in a direction (x) using a stretching machine
with controlled strain (Figure 8c). In the sputtering process,
the surface of PDMS is exposed to Ar plasma and converted
into silica.l®®®! Ags a result, cracks are generated on the hard-
ened surface during the subsequent stretching process, and the
Pd film is broken at these positions. The broken films separated
by cracks are slightly elongated compared to the initial state
along the stretching direction because they undergo tensile
strain until just before breaking. Therefore, when the PDMS
substrate returns to its original state after the tensile strain is
removed, the cracks are closed by the overlap of the broken
Pd films (Figure 8d). At this time, the Pd films build a closed
circuit through which current can flow. The nanogaps were
formed after the edges of the broken Pd films were crushed
and deformed during the expansion of the Pd films due to the
initial exposure to H,, and the system finally becomes an open
circuit (Figure 8e). This nanogap formation mechanism based
on Pd expansion and deformation has been quantitatively veri-
fied by a systematic study on the nanogap width with respect
to the H, concentration of the initial exposure, as described in
detail in Section 3.3.53%

On the other hand, in the fabrication procedure of typical
CPE, a mechanical stretching process for inducing cracks
on the Pd film was not required. As shown in Figure 8f, the
nanogaps of CPE are only generated by conducting the initial
H, exposure process for the Pd film deposited on PDMS. The
expansion of the Pd film due to the absorption of H, induces a
tensile strain on the PDMS substrate.?” As a result, the Pd film
is deformed owing to the relative compressive stress during
the transformation into S Pd hydride and volume expansion.
Finally, when H, is removed, the Pd film is cracked owing
to the tensile strain caused by the deformation, forming the
nanogaps. Therefore, in CPE, the nanogap is formed randomly,
and the width of the nanogaps (900 nm) is larger than that of
the Pd MOTIFE (300 nm) because the nanogap originates from
the shrinkage of the entire Pd film rather than the deformation
at the edge of the broken Pd films.!*’]
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The PDMS substrates used in the Pd MOTIFEs and CPEs
were prepared with a thickness of 0.75 mm using a 10:1 weight
ratio of the base resin and curing agent mixture, followed by
curing at 70 °C for 3 h. Pd thin films with a thickness of =10 nm
were deposited using Ar plasma sputtering at a base pressure
of ultrahigh vacuum. In the case of Pd MOTIFEs, the samples
were elongated by 25% of the tensile strain, which is defined as
e=[(L — Lo)/Lo] x 100%, where L and L, are the stretched and
initial lengths of the sample, respectively. The initial H, con-
centration was 4% for both cases.['®]

Figure 9a shows the real-time electrical response of a Pd
MOTIFE obtained at various H, concentrations, in which
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a clear on—off sensing operation was observed. The Pd films
of MOTIFEs are in an electrically disconnected “off” state due
to the nanogaps formed by the initial H, exposure. As the H,
concentration increased, the width of the nanogaps decreased
owing to the Pd expansion. When an electrical path is formed
on the entire Pd films by closing some of the nanogaps above
a certain H, concentration, a minute current begins to flow in
the “on” state, and an electrical sensing signal can be observed.
As the H, concentration further increased, the number of
closed nanogaps increased and numerous electrical paths were
formed on the Pd films. As a result, the resistance of the entire
Pd film decreased, resulting in a larger current signal. The
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film deposited on a PDMS substrate, PDMS cracks and broken Pd films induced by the mechanical stretching process, the broken Pd films overlapped
each other by the strain removal, and Pd nanogaps formed by the initial H, exposure process are represented, respectively. b—e) Scanning electron
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the crack. The insets in (d) and (e) show the elemental mapping of the overlapped Pd films and Pd nanogap, respectively, which are obtained from the
cross-sectional transmission electron microscopy (TEM) technique. Reproduced with permission."®l Copyright 2011, Wiley-VCH GmbH. f) Schematics
of Pd nanogap formation process for fabrication of CPE. From left, the deposition of Pd film, the initial H, exposure, and nanogap formation during

H, removal. Reproduced with permission.”) Copyright 2012, Elsevier B.V.

Pd MOTIFE with the nanogaps, formed by the initial exposure
to 4% H,, showed the first electrical response at a H, concen-
tration of 0.05%. However, the detection limit was found to be
0.4% after exposure to a high concentration of 10% H, because
the Pd films undergo an additional edge deformation owing
to the maximum expansion.'® Another main feature of the
Pd nanogap-based H, sensors is the discernibility at high H,
concentrations. As shown in Figure 9a, the Pd MOTIFE shows
a linear response depending on the H, concentration less than
2%, but the current is saturated at higher than 2% H,. This is
due to completion of the ¢ to B phase transition by sufficient
H, concentration and will be discussed in detail in Section 5.2.

The on-off sensing mechanism based on the Pd nanogaps
was quantitatively revealed in an intensive study on the sensing
mode of CPEs depending on the thickness of the deposited
Pd film.’”} As shown in Figure 9b, the electrical responses
were obtained through repeated H, exposure and removal
based on Pd thin films of varying thickness from 6 to 14 nm.
When the thickness of the Pd film of CPE was greater than
11 nm, cracks on the PDMS were induced by the Pd expansion
during the initial H, exposure, but the thickness of the Pd film
was too thick for the cracks to completely cut the film and to
form nanogaps. As a result, the CPE operated as an on-mode
sensor that could not obtain the complete off state without cur-
rent flow. On the other hand, in a CPE with a thickness of less
than 9 nm, the cracks and nanogaps were easily formed by the

Adv. Mater. 2021, 2005929

2005929 (9 of 26)

initial H, exposure, but the expandability of the Pd films upon
repeated H, exposure was not sufficient to overcome the sup-
port of the PDMS substrate and close the nanogap. Therefore,
as the test was repeated, the sensor settled in off mode where
no further electrical response was observed. Definite on—off
sensing mode could be observed in the CPEs with a thickness
range of 9-11 nm, and the MOTIFEs and CPEs to be intro-

duced later were fabricated based on Pd films with a thickness
of =10 nm.[36-4244-46]

3. Strategies for Controlling Width of Nanogaps
3.1. Ni Alloying

After on—off sensing signals of at least 0.4% H, concentration
were first demonstrated using a pure Pd-based MOTIFE, Ni
alloying was immediately attempted to effectively reduce the
detection limit of MOTIFEs.'® In terms of mechanical char-
acteristics, Ni has higher ductility and fracture toughness
compared to Pd.®2 Therefore, a small amount of Ni added
to the Pd film increases the ductility and toughness of the
film,l% and the film is further elongated prior to crack for-
mation in the initial stretching, which is the first step in the
formation of nanogaps. As a result, the width of the finally
formed nanogap was decreased; in the Pdg;sNij, s MOTIFE,
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Figure 9. a) The real-time electrical response of a Pd MOTIFE to various H, concentrations based on N, carrier at room temperature. The numbers
on top of the electrical response indicate the H, concentration in percentages, and the detection limit was found to be 0.4%. Reproduced with permis-
sion.l"l Copyright 2011, Wiley-VCH GmbH. b) Schematic diagram of the nanogap formation and sensing mode according to Pd thickness in CPEs. The
real-time electrical responses presented on the right side indicate that the CPEs with Pd thickness of 12, 10, and 8 nm operate in the on mode, on—off
mode, and off mode, respectively. Reproduced with permission.”] Copyright 2012, Elsevier B.V.

the average nanogap width (62 nm) was approximately one-
third of the nanogap width of the pure Pd MOTIFE (218 nm),
as shown in Figure 10a,b.*%l The decrease in the nanogap
width causes a reduction in the detection limit by allowing the
nanogap to close despite slight film expansion due to a lower
amount of H, exposure.

Furthermore, Ni alloying affects the expandability of the film
due to H, exposure as well as mechanical properties. Figure 10c
shows the relative volume change (AV/Q) of the PdNi alloy
due to H, absorption as a function of Ni content, where AV
and Q are the volume change and initial volume, respectively.
Ni alloying increases the relative volume change caused by a
decrease in the lattice constant and thus, reduces the detection
limit by increasing the film expansion at the same H, concen-
tration.’%%4 Tt is noted that a Ni content of =20% would rather
increase the detection limit because of the decrease in H,
solubility.[°]

Consequently, Ni alloying effectively reduces the detec-
tion limit of the MOTIFE through synergies of two different
effects: reducing the nanogap width and increasing the expand-
ability of the Pd film. A detection limit of =0.1% obtained from
Pdy;Ni; alloy-based MOTIFE was reported along with the pure
Pd MOTIFE,!® and a 100 ppm detection limit was achieved for
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the optimized PdNi alloy MOTIFE (Pdg;sNiy, s) (Figure 10d),5¢
which are 5-fold and 40-fold reductions compared to the pure
Pd MOTIFE (0.4%), respectively.

In this PdNi alloy-based MOTIFE, it was quantitatively
revealed that the detection limit of the MOTIFE was related to
the large gap width of the film, which provided motivations for
the various strategies to reduce the detection limit based on the
nanogap modulation, as described below.

3.2. Liquid N, Freezing

As the correlation between the detection limit and nanogap
width was recognized in PdNi alloy-based MOTIFEs, the LNF
process was developed as an alternative route for controlling
the nanogap width based on pure Pd films.8l The LNF pro-
cess was applied to both MOTIFEs and CPEs based on pure
Pd films. In the LNF-CPE without the stretching process for
artificial crack formation, liquid N, droplets were dropped
on Pd films deposited on PDMS substrates. In the case of
LNF-Pd MOTIFEs, aligned cracks were first formed on Pd
films with stretching (25% tensile strain), followed by the
LNF process. Therefore, the LNF-CPE has a random nanogap
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Figure 10. AFM height profiles and images of nanogaps on a) a pure Pd and b) a Pdg; sNij, s alloy MOTIFE. The nanogap width on a) the pure Pd
MOTIFE is 380 nm and the nanogap width on b) the Pdg; sNiy, 5 alloy MOTIFE is 98 nm. The average nanogap width was found to be 218 and 61.8 nm
for the pure Pd and Pdg; sNiyy 5 alloy, respectively. c) The relative volume change (AV/Q) of PdNi alloy due to H, absorption as a function of Ni con-
centration. The values of pure Pd and Ni were obtained from ref. [64] and those of PdNi alloy were calculated in ref. [36]. d) The real-time electrical
response of a Pdyg; sNiy, 5 alloy MOTIFE to various H, concentrations in N, carrier at room temperature. The detection limit of the Pdg; sNiy, 5 alloy
MOTIFE was found to be 100 ppm. Reproduced with permission.*¥ Copyright 2012, Elsevier B.V.

in nature like a typical CPE,””) while the LNF-Pd MOTIFE
shows nanogaps aligned vertically with the stretching direc-
tion (Figure 11a,d).

In a typical CPE, cracks and nanogaps on a Pd film are
formed via expansion and contraction of the Pd film by ini-
tial H, exposure, and in a typical Pd MOTIFE, nanogaps are
formed at closed cracks after the initial H, exposure. In the
case of the LNF process, however, the difference in the coef-
ficient of thermal expansion (CTE) between the Pd film and
the PDMS substrate acts as an additional driving force for the
formation of cracks and nanogaps, while the strain in the Pd
film is caused only by the initial H, exposure in the typical pro-
cess.?® Because the CTE of PDMS is larger than that of Pd,
the LNF process applies tensile and compressive strains to
the PDMS substrate and Pd film, respectively.®0-%8 The sub-
sequent recovery process occurs more rapidly on the PDMS
substrate compared to the Pd film, which generates cracks in
LNF-CPEs and affects the formation of nanogaps in both LNF-
CPEs and LNF-Pd MOTIFEs. In the LNF process, the cracks on
the PDMS substrate contract, resulting in a smaller width of
nanogaps than the typical process without LNF after the initial
H, exposure.?®! In the case of LNF-Pd MOTIFEs, the compres-
sive strain originating from thermal contraction can be released
through the aligned cracks and overlapping of broken Pd films,
leading to a smaller nanogap width compared to that of LNF-
CPE. The average nanogap width of LNF-CPE was estimated
to be 80-120 nm, as shown in Figure 11b.3® These values are
close to one-tenth that of typical CPE (900 nm).”l In the case
of LNF-Pd MOTIFEs, it was found to be =25 nm (Figure 11e),1%®
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which was much smaller than the LNF-CPE case and approx-
imately tenfold smaller than that of typical Pd MOTIFEs
(200-300 nm).[1836]

In the real-time H, sensing test, it was demonstrated that
the decrease in the nanogap width caused by the LNF pro-
cess effectively reduced the detection limit of both LNF-CPEs
(300 ppm) and LNF-Pd MOTIFEs (200 ppm),i¥l which are less
than one-tenth of the detection limit of typical CPEs (0.4%) and
Pd MOTIFEs (0.4%).(%3] These values are slightly higher than
those of the optimal PdNi alloy MOTIFE (100 ppm), and even
in the case of LNF-Pd MOTIFEs, the nanogap width (25 nm)
is smaller than that of the PdNi alloy (60 nm),?® which can be
attributed to the smaller H, expandability of pure Pd compared
to that of the PdNi alloy.

3.3. Initial H, Concentration

As the H, sensing mechanism of MOTIFEs was revealed in
detail, and the correlation between the nanogap width and
detection limit was systematically investigated, a methodology
to achieve an extremely low detection limit through control of
the nanogap formation process based on the initial H, exposure
was proposed.)l As shown in Figure 12a, uniaxial stretching,
the first step of the nanogap formation process, causes cracks
on the PDMS substrate, and the plastically elongated and
broken Pd films overlap with each other after the strain is
released. The contact crack is finally converted into a nanogap
through plastic deformation of the overlapped Pd films during
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Figure 11. Low magnification SEM images of a) random nanogaps on an LNF-CPE and d) aligned nanogaps on an LNF-Pd MOTIFE. High magnification
SEM images of a nanogap on b) the LNF-CPE and e) the LNF-Pd MOTIFE. The average nanogap width was estimated to be 80-120 nm and =25 nm
for the LNF-CPE and the LNF-Pd MOTIFE, respectively. The real-time electrical response of ¢) an LNF-CPE and f) an LNF-Pd MOTIFE to various H,
concentrations in N, carrier at room temperature. The detection limits of the LNF-CPE and the LNF-Pd MOTIFE were found to be 300 and 200 ppm,

respectively. Reproduced with permission.8 Copyright 2013, Elsevier B.V.

the initial H, exposure process. Consequently, it was possible to
reduce the nanogap width by minimizing the deformation of
the overlapped Pd films by controlling the H, concentration of
the initial exposure.>’!

Figure 12b,c shows cross-sectional transmission electron
microscopy (TEM) images of a nanogap on Pd MOTIFEs after
the initial exposure with 0.1% and 1.5% H, concentrations,
respectively. Under a low concentration of H, exposure, the
Pd film retains the o phase in which H, penetrates into the
interstitial sites of the Pd matrix, and the maximum expan-
sion is 0.13% of the lattice parameter.’”! On the other hand, at
high H, concentrations, the o~phase Pd transformed into  Pd
hydride, and this phase transition increased the lattice expan-
sion to 3.47%.7071 As a result, the initial exposure to low H,
concentration (0.1%) formed fine nanogaps with an overlapping
structure, but the high concentration (1.5%) resulted in clear
nanogaps caused by deformation of the broken Pd films. In this
work, various initial concentrations from 0.1% to 5% were sys-
tematically tested, and the average nanogap width was found to
be =8, 10, 40, and 53 nm for initial H, concentrations of 0.1%,
1.3%, 1.5%, and 2%, respectively.l*’]

Figure 12d shows the detection limits obtained from the
initial exposure controlled Pd MOTIFEs according to the H,
concentration. At an initial exposure of less than 1%, the
increase in the detection limit with increasing H, concen-
tration was very small because the Pd film maintained the
o phase. However, as the H, concentration increased above
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1%, the detection limit increased significantly due to the o to
[ phase transition, and it can be seen that the phase transi-
tion was completed above 2%. The minimum detection limit
obtained in the initial exposure controlled Pd MOTIFE was
10 ppm (0.1% initial H, concentration), which is the smallest
value reported in MOTIFEs and a 400-fold reduction com-
pared to the first Pd MOTIFE with a detection limit of 0.4%
(10% initial H, concentration).l® The detection limits of Pd
MOTIFEs exposed to 1.5% and 3% H, were found to be 0.2%
and 0.35%, respectively.?*) However, since the reproducibility
of this o-phase Pd MOTIFE significantly decreases when
exposed to a high H, concentration due to the phase transi-
tion, it can only be used in limited environments requiring
extreme sensitivity as a one-time H, sensor.

3.4. Strain Engineering

The strategies introduced above for reducing the detec-
tion limit were mainly to control the nanogap width using
post-treatment in the nanogap formation process after gen-
erating cracks. Here, an advanced route was attempted to
reduce the detection limit by controlling the final nanogap
width and density based on strain engineering in the crack
generation procedure.*®! In these strain-engineered Pd
MOTIFEs, mechanical stretching and compression repeated
more than 20 times formed nanogaps on the Pd film as well
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Figure 12. a) Schematics of nanogap formation process for the nanogap
width control based on the H, concentration of initial exposure. Cross-
sectional TEM images of a nanogap on Pd MOTIFEs exposed to different
initial H, concentration of b) 0.1% and c) 1.5%. The average nanogap
width was found to be =8 and 40 nm for the initial H, concentration of
0.1% and 1.5%, respectively. d) The detection limits of the initial exposure
controlled Pd MOTIFEs as a function of H, concentrations based on N,
carrier at room temperature. Reproduced with permission.> Copyright
2013, Elsevier B.V.

as the cracks, and the measurement of the real-time electrical
response to H, was conducted in air to determine the practical
sensing performance.

First, the nanogap formation and detection limit of the
strain-engineered Pd MOTIFEs were studied with variation in
tensile velocity using a microtensile tester The strain mag-
nitude was fixed at 100% of the original length. Figure 13a—
shows the configuration of nanogaps on Pd films generated at
strain velocities of 100, 400, and 800 um s7!, respectively. A dis-
tinct feature of the strain-engineered Pd MOTIFEs was the hor-
izontal nanogaps caused by buckling under tensile strain and
cracking under compressive strain along the x-axis, while the
vertical nanogaps were directly formed by the tensile strain./
The most noticeable impact of varying the tensile velocity was
on the density of the nanogap. The nanogap density clearly
increased to 380, 540, and 600 mm™! for the vertical nanogaps
and to 470, 630, and 670 mm™! for the horizontal nanogaps, as
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the tensile velocity increased. It was found that the increase
in the nanogap density was due to the strain hardening effect,
resulting in an increase in stress at the same strain.* On the
other hand, the average nanogap width with increasing tensile
velocity was 103, 101, and 92 nm for the vertical nanogaps and
as 63, 56, and 54 nm for the horizontal nanogaps, which are
insignificant compared to the variation in density. Therefore,
the reduction in detection limit of 0.2%, 0.1%, and 500 ppm
as the tensile velocity increased to 100, 400, and 800 pum s,
respectively, could be attributed to the increase in the nanogap
density that accompanies H, permeation.[*!

Next, the nanogap formation and detection limit of the
strain-engineered Pd MOTIFEs were investigated by focusing
on the strain magnitude.! In this work, the tensile strain in
the repeated mechanical stretching and compression was varied
from 30% to 120% with a fixed strain of 800 pm s~%. It was noted
that the Pd MOTIFEs fractured at tensile strains above 130%.1]
Figure 13d—g shows the configuration of nanogaps generated by
strains of 30%, 60%, 90%, and 120%, respectively. As depicted
in the inset, the nanogap density increased with increasing
strain. The average nanogap density was found to be =450, 550,
1350, and 1470 mm™! for strains of 30%, 60%, 90%, and 120%,
respectively. Horizontal nanogaps were observed in strains of
90% and 120%, indicating that the horizontal nanogaps were
generated above a certain strain magnitude regardless of the
tensile velocity.***! Moreover, the increase in tensile strain
resulted in an obvious reduction in the nanogap width com-
pared to the case of tensile velocity. The average widths of the
vertical nanogaps were estimated to be 357, 254, 104, and 94 nm
for strains of 30%, 60%, 90%, and 120%, respectively.

The detection limits of 30%, 60%, 90%, and 120% strained
Pd MOTIFEs were determined to be 0.8%, 0.2%, 500 ppm, and
50 ppm, respectively (Figure 13h). The significant reduction
in the detection limit can be attributed to both the decrease in
nanogap width and increase in nanogap density.*’! As shown in
Figure 13i, in the strain range of 90% to 120%, a rapid reduction
in the detection limit was observed despite the similar nanogap
width, which can be explained by the increase in nanogap den-
sity. On the other hand, the correlation between the nanogap
density and the detection limit obtained in the strain range of
30% to 90% was considerably weak compared to the correlation
between the nanogap width and the detection limit (Figure 13j).
Consequently, the nanogap density becomes an important
factor affecting the detection limit when the nanogap width is
as small as 100 nm or less. These results are in good agreement
with the previous prediction that the sensing performance
would be proportional to the surface to volume ratio at H, con-
centrations below 1%.72 The optimal detection limit of 50 ppm
obtained from the strain-engineered Pd MOTIFE is 240-fold
and 8-fold smaller than that of the typical Pd MOTIFE and
Pd-PDMS hybrid MOTIFE in air environments, respectively.*!

3.5. Heat Treatment
Recently, a new approach to reduce the detection limit of H,
in an air environment has been reported based on the heat

shrinkage of elastomeric substrates.*¥! This technique was
designed based on the stamped Pd NRB array fabricated
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Figure 13. Top-view OM images of nanogaps on the strain engineered Pd MOTIFEs generated by applying tensile stain of 100% with different tensile
velocities of a) 100 um s7, b) 400 um s7, and c) 800 um s~'. Reproduced with permission.* Copyright 2016, Elsevier B.V. Top-view OM images of
nanogaps on the strain engineered Pd MOTIFEs generated by applying different tensile strains of d) 30%, €) 60%, f) 90%, and g) 120% with the same
tensile velocity of 800 um s7'. The insets indicate the schematic images of nanogaps on the strain engineered Pd MOTIFE. The H, detection limits
in air obtained from the strain engineered Pd MOTIFEs as a function of h) the strain magnitude, i) the nanogap width, and j) the nanogap density.

Reproduced with permission.[*] Copyright 2016, Springer Nature.

by the direct metal transfer (DMT) process using a nano-
imprinted stamp, and the nanogap width was controlled
by varying the temperature during the DMT process. The
stamped NRB was first demonstrated using the pure Pd film
and PET substrate (Figure 14a), and the H, detection limit
was reported to be only 2% in air.**] However, by controlling
the heat treatment temperature in the DMT process based
on the Pd¢Auy 4 alloy thin film and PS substrate, 50 ppm of
H, was detected, as shown in Figure 14b. Further, the min-
imum detection limit was estimated as 25 ppm based on the
response curve obtained from a 15 nm nanogaps, which is
the lowest value obtained for a Pd nanogap-based H, sensor
in air.*

The DMT process was carried out at two different tempera-
tures: the attachment temperature, at which the metal depos-
ited stamp is placed on the substrate under pressure; and the
detachment temperature, at which the metal film is trans-
ferred by removing the stamp. In this work, the detachment
temperature was varied from 85 to 110 °C in 5 °C increments,
the attachment temperature was fixed at 120 °C, and the width
of the nanogap was investigated. As shown in Figure 14c, it
was possible to reduce the nanogap width to 3 nm using this
technique, which was attributed to the in-plane shrinkage of
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the amorphous PS substrate.*®! Furthermore, in this stamped
PdAu alloy NRB array, the § Pd hydride formation was suffi-
ciently suppressed by Au alloying.

3.6. Detection Limit Based on Nanogap Width

Since a MOTIFE H, sensor based on the nanogaps of a Pd
film was developed, the primary approach for reducing the
low detection limit was to reduce the nanogap width, as men-
tioned above. Figure 15a is a schematic comparison showing
the minimum nanogap width that has been demonstrated by
various routes. The LNF process and the initial H, exposure
control technique were applied to Pd MOTIFEs, and the reduc-
tion in the detection limit as the nanogap width decreased was
successfully demonstrated (Figure 15b).1383% In the Ni alloying
method, the reduction in nanogap width and detection limit
was also confirmed.?®) Moreover, in CPEs with relatively large
nanogap widths, a reduction in the nanogap width was observed
using the LNF process; the detection limits lower than that of
MOTIFEs at the same nanogap width were achieved because
of the higher density of the randomly formed nanogap.?®¥ In
the air-based tests focused on practical use, reduction in the
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Figure 14. a) A cross-sectional SEM image of nanogaps in a stamped Pd NRB array on PET substrate fabricated by the imprint transfer technique.
Reproduced with permission.3] Copyright 2015, Wiley-VCH GmbH. b) The real-time electrical response of a stamped PdAu alloy NRB array on PS
substrate to various H, concentrations in air at room temperature. The detection limit was found to be 50 ppm. c) Reduction of nanogap width of the

stamped PdAu alloy NRB array using thermal shrinkage of the PS substrate during a heat treatment. Reproduced with permission.t*¥! Copyright 2019,
Wiley-VCH GmbH.
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Figure 15. a) Schematic comparison of the minimum nanogap width in various MOTIFEs, CPEs, and stamped NRB. The H, detection limits of the
various MOTIFEs, CPEs, and stamped NRB as a function of the nanogap width in b) N, and ¢) air environments. The nanogap width and detection
limit data of Pd MOTIFE,[] CPE,*”] PdNi alloy MOTIFE, ¢l LNF-Pd MOTIFE,® LNF-CPE,*® Pd MOTIFE with low H, exposure, strain engineered Pd
MOTIFE,*%] Pd—PMMA hybrid MOTIFE,* and stamped PdAu alloy NRBI8l were obtained from previous works.
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detection limit with decreasing nanogap width was confirmed,
and it was found that the nanogap density as well as the width
were critical factors affecting the detection limit in the studies
on strain engineering effects (Figure 15c).[#*]

3.7. Connecting to a Thin-Film Transistor

Finally, a study on the reduction of detection limit by coupling
with an oxide TFT, a very different approach from the route
based on the decrease in nanogap width, was reported.*’ In
this method, a typical Pd MOTIFE was connected to an amor-
phous InGaZnO (a-IGZO) TFT to make the Pd nanogaps act as
an additionally coupled capacitor to the oxide gate. Figure 16a
shows the transfer curves (drain current vs gate voltage)
obtained from the a-IGZO TFT and Pd MOTIFE-linked TFT in
N, and 0.04% H,. The charge capacitance of the Pd nanogap
depends on the distance between the broken Pd films, and
the total capacitance (Cior) of the Pd MOTIFE-linked TFT is
determined by the relationship Cia = 1/((1/Cgap) + (1/ Coxide))s

a  q0°
Vp =5V ==
10'5 [ o .
— 7F — Initial o]
<10 —n P
N -8 H,0.04% s
« 10 3
2 v,
t
S5 Pd nano gap
(3}
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o

1 2 3
Gate voltage (V)
b 4o¢
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Figure 16. The transfer curves obtained from a Pd MOTIFE linked a-1GZO
TFT with a) open and b) closed nanogap. The initial transfer curve shows
the intrinsic property of the a-IGZO TFT without the Pd MOTIFE. The
insets show the circuit configuration corresponding to each state of
the Pd MOTIFE. Reproduced with permission.%l Copyright 2013, Royal
Society of Chemistry.
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where Cyy, and C,iqe are the capacitance of the Pd nanogap
and oxide gate, respectively.*)) As a result, the decrease in the
nanogap width even at low concentrations of H, causes a shift
in the threshold voltage by changing the capacitance of the
total system. In other words, a lower H, concentration can be
detected by sensitive monitoring of the change in the nanogap
width without exposure to sufficient H, to close the nanogap.
Using this Pd MOTIFE-linked TFT, H, concentrations less than
0.05% were detected, and the sensing mechanism could also be
used to estimate the nanogap width.[*) However, when exposed
to a H, concentration sufficient to close the nanogap, the linked
Pd MOTIFE loses its capacitance and becomes a resistor in the
circuit; hence, the threshold voltage of the total system reaches
the intrinsic value of the a-IGZO TFT (Figure 16b). Therefore,
this system should only be applied to dilute H,.

4. Reliability and Stability for Commercial
Applications

4.1. Reliability in Ambient Atmosphere

The sensing performance of the MOTIFE H, sensor based on
the nanogaps of a Pd film in ambient atmosphere was further
improved by applying a PMMA filter layer to eliminate interfer-
ence from O, and H,0 in air while the Pd MOTIFE is sensing.
PMMA is a polymeric material that has a much higher perme-
ability for H, than other gases, such as O, and N,.*! When
PMMA is incorporated into Pd-PMMA thin films, the hybrid
sensors can have great potential in realizing sensors that can be
used in air without an additional filter system.

For the fabrication of PA-PMMA hybrid nanogap sensors, a
Pd thin film is sandwiched between thin PMMA layers on a flex-
ible PDMS substrate, and Pd nanogaps are formed throughout
the multilayers by mechanical stretching and initial H, expo-
sure, as shown in Figure 17a. It was clearly observed that the
Pd-PMMA hybrid nanogap sensors operate well as an on—off
sensor, as shown in Figure 17b. In particular, the lower detec-
tion limit of this hybrid nanogap sensor for H, sensing was
found to be 6000 ppm in air (Figure 17b) and 600 ppm in N,
(Figure 17c). This H, detection limit is significantly improved
compared to 1.2% in air (Figure 17d) and 4000 ppm in N, for
the pure Pd nanogap sensor, respectively.®]

As described in Section 3, the detection limit of a Pd nanogap
sensor is closely related to the initial exposure concentration
of H,.3% Figure 17e shows the response tests for an initial H,
concentration of 0.2% and reproducibility in air atmosphere.
The Pd-PMMA hybrid nanogap sensors exhibited a very low
H, detection limit of 400 ppm, which is more than an order of
magnitude less than the value obtained with the initial 2% H,
in air (Figure 17b). In particular, this effect is not reproducible
in the pure Pd nanogap sensor once the sensor is exposed to H,
gas at a concentration higher than that of the initial level. How-
ever, as shown in Figure 17e, the response signals for sweep-
up (0.04-1% H;) and sweep-down (1-0.06% H,) were almost
symmetric, and the low detection limit was similar to the
first limit. The results indicate that in this hybrid Pd nanogap
sensor, the degradation of the detection limit and reproduc-
ibility could be delayed. Accordingly, this study demonstrated
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Figure 17. a) Schematic diagram of the PMMA/Pd/PMMA hybrid nanogap sensor fabricated on a PDMS substrate. The real-time electrical responses
at room temperature: a PMMA/Pd/PMMA hybrid nanogap sensor in b) air and c) N,, d) a Pd nanogap sensor in air with initial H, concentration of
2%, and e) a PMMA/Pd/PMMA hybrid nanogap sensor in air with initial H, concentration of 0.2%. Reproduced with permission.!l Copyright 2014,

Elsevier B.V.

that the Pd-PMMA hybrid nanogap sensor has great promise
in realizing sensors that can be utilized in ambient atmosphere
without the use of additional filter systems.

Possible reasons for the reduced detection limit are selective
H, permeation through the PMMA layers and the larger average
distance between the nanogaps compared with that in the pure
Pd film.! When a Pd film-based H, sensor is exposed to air,
gaseous species, such as O,, N,, and H,O0, interact with the film
surface and obstruct H, absorption onto the surface, reducing
the ability to detect low H, concentrations.”?! Therefore, in the
Pd-PMMA hybrid nanogap sensor, these interfering effects can
be significantly reduced because of the top and bottom PMMA
layers (Figure 18a). In addition, the maximum nanogap width
that can be achieved by H, absorption is =1.07 um for PMMA/
Pd/PMMA trilayers with an average intercrack distance of
30.7 um when assuming a 3.5% lattice expansion from o- to
B-PdH,." The average intercrack distance of the hybrid Pd
film is approximately twice as large as that of a pure Pd film, as
schematically shown in Figure 18b and measured in Figure 18c.
Since the actual width of the nanogap was =420 nm, the
detectable H, concentration could be further reduced.
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In order to further improve the H,-sensing performance
of Pd nanogap-based sensors in ambient air, a new method
to form narrow nanogaps without mechanical stretching was
proposed.[*?] Figure 19a presents the mechanism of nanogap
formation. The Pd thin film was deposited on an elastomeric
PDMS substrate patterned with a grating structure by NIL. To
fabricate patterned PDMS, Si stamps with line patterns, which
were fabricated by electron beam lithography, were used. The
Pd nanogaps were formed on the edges of the PDMS grating
by volume expansion/contraction of the Pd film after sev-
eral cycles of H, absorption/desorption. Figure 19b shows
the sensing mechanism of this nanogap sensor. When H, is
absent from ambient air, electrons cannot transfer because of
the nanogaps on the edge (OFF-mode). On the contrary, when
H, is exposed, the nanogaps are closed due to lattice expan-
sion through H, absorption, allowing electrons to transfer at
the edge (ON-mode). The Pd nanogap formation on the edge
of the Pd/PDMS grating was observed by TEM (scanning
TEM (STEM)). The width of the Pd nanogap was =100 nm,
which is smaller than that formed by mechanical stretching
(=300 nm) (top of Figure 19¢).'¥] The exact disconnection of
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Figure 18. Schematic diagrams indicating the origins of the reduced H, detection limits of the PMMA/Pd/PMMA hybrid nanogap sensor. a) Left: Inter-
action of the Pd film with various gas species in an air environment; right: selective H, filtration through the PMMA layer and the consequent effective
interaction between the Pd film and H,. b) The difference between the average intercrack distances of the Pd nanogap sensor (top) and the PMMA/
Pd/PMMA hybrid nanogap sensor (bottom). c) SEM image of the cracks formed in PMMA-Pd—PMMA/PDMS after the sample underwent mechanical
stretching and consecutive cycle of exposure to air with and without H, (inset: a cross-sectional TEM image of portion of a crack and Pd EDX map).

Reproduced with permission.[*!l Copyright 2014, Elsevier B.V.

the Pd nanogap at the edge was confirmed by STEM elemental
mapping images (bottom of Figure 19¢).

Figure 19d shows the real-time current responses of the
sensor for various H, concentrations at room temperature in
air. The sensor exhibits perfect ON-OFF sensing behavior and
a detection limit as low as 0.1% in air. The lower detection limit
can be due to the small width of the nanogap. Figure 19e shows
the repeatability tests of the sensor with H, concentrations of
0.2%, 0.7%, and 0.9% for 10 on/off cycles. It was observed that
the current response was nearly constant without significant
changes during repeated measurements. More repeatability
tests (55 on/off cycles) were performed for 0.9%, which is the
H, concentration that gave the best sensing performance, as
shown in Figure 19f. The results showed good repeatability
with consistent current response in each cycle. This indicates
that this newly proposed Pd nanogap sensor maintained good
reliability and rapid response time for a long period of =8000 s.

4.2. Stability in Humid Conditions
To evaluate the sensor’s practical application in ambient atmos-

phere, the effect of humidity on the H,-sensing performance of
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Pd-based MOTIFEs was investigated. The Pd MOTIFEs were
prepared with a tensile strain of 50% and an initial exposure of
0.5% H,.1*l The average distance between adjacent nanogaps of
the as-prepared sensors was =15 um, which is the same as that
typically formed on PDMS.!® The Pd nanogap width of this
sensor is =50 nm, which is six times smaller than those fabri-
cated on Pd MOTIFEs prepared with an initial H, concentration
of 10%.'8] Figure 20a shows the real-time current measurement
results of the Pd-based MOTIFEs for different H, concentrations
(0.04%, 0.06%, 0.08%, and 0.1%) at different relative humidity
(RH) conditions ranging from 0% to 90% RH at room tempera-
ture. Figure 20b shows the saturated current values for different
H, concentrations as a function of RH, which are shown in
Figure 20a. As shown in Figure 20D, the saturated current values
decreased slightly with increasing RH for all H, concentrations.
This is attributed to the decreased number of active sites avail-
able for H, adsorption due to the increased adsorption of water
molecules on the Pd film surface. This obstruction is more
apparent at low H, concentrations. In general, it is known that
elastomeric substrates are vulnerable to humidity. However, the
results revealed that the sensing performance of the Pd-based
MOTIFEs did not significantly degrade at H, concentrations of
0.1%, even under high RH conditions of 90% RH.

© 2021 Wiley-VCH GmbH
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Figure 19. a) Schematic images of the mechanism for Pd nanogap formation via volumetric expansion and contraction through H, absorption and
desorption. b) Schematic images of the sensing mechanism through the changes in current response with ON-OFF operation depending on electron
transfer at the edge of the Pd/PDMS sensor. c) Cross-sectional STEM images of the edge of the Pd/PDMS sensor after H, cycling treatment (top) and
elemental mapping images of nanogap formation (disconnected Pd layer, red dots) (bottom). d) The real-time electrical responses of a Pd/PDMS
sensor at room temperature in air. Repeatability tests of the real-time electrical responses versus time of the Pd/PDMS sensor e) in the H, concentra-
tion ranges of 0.2-0.9% at 10 on/off cycles and f) under 0.9% H, concentration at 55 on/off cycles. Reproduced with permission.* Copyright 2015,

Elsevier B.V.
4.3. Thermal Stability

As previously stated, Pd-based MOTIFE H, sensors have several
advantages, such as low cost, easy fabrication, and high sensing
performance (e.g., rapid response time and low detection limit).
On the other hand, elastomeric substrates can be thermally
degraded at higher temperatures. Therefore, the thermal sta-
bility of these sensors must be investigated to evaluate their
commercial applicability. Here, the influence of thermal expo-
sure on the H,-sensing performance of the Pd MOTIFEs was
examined by annealing the nanogap sensor at temperatures up
to 200 °C."I The test sensors were prepared by thermal treat-
ment after nanogap formation through mechanical stretching
and initial H, cycling. Figure 21a shows the H,-sensing prop-
erties of the Pd MOTIFEs annealed at different temperatures
(80-200 °C). The sensing measurements were performed at
room temperature. The sensor annealed at 80 °C exhibited the
best sensing performance (the highest current response level
and lowest detection limit of 0.5% H,). As the annealing tem-
perature increased above 80 °C, the sensors showed lower cur-
rent levels and higher detection limits. Particularly, the sensor
annealed at 200 °C showed no response in the overall H, con-
centration range. According to scanning electron microscope
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(SEM) analysis, the Pd nanogap width increased linearly
with an increase in the annealing temperature, as shown in
Figure 21b. In addition, Pd buckling on PDMS, which is per-
pendicular to the nanogap direction, was generated with a
shorter wavelength with an increase in the annealing tempera-
ture above 80 °C. Therefore, the decrease in the sensing cur-
rent at higher annealing temperatures can be attributed to the
enlarged Pd nanogap, and eventually, at 200 °C, the Pd layer is
disconnected and there is no current flow.

Figure 21c shows the sensing response of the sensors
annealed at 100 °C for seven cycles under exposure to 10%
H,. The results indicated that the sensor that was annealed
at temperatures up to 100 °C exhibited a perfect on—off opera-
tion with a response time of less than 1 s. Figure 21d shows
reproducibility tests of the real-time current responses in
10% H, of the sensors that were annealed at 90-150 °C. The
results revealed that the response was stable without signifi-
cant signal change even though the sensor performance was
degraded due to thermal denaturation of the elastomeric sub-
strate. Accordingly, this study demonstrated that the Pd-based
MOTIFE can operate in a perfectly on-off mode with rapid
response times (<1 s) even when the sensor was annealed at
temperatures up to 100 °C.

© 2021 Wiley-VCH GmbH
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Figure 20. a) Real-time electrical responses of the Pd MOTIFEs at various
relative humidity (RH), and b) their humidity dependent responses from
0% to 90% RH, for different H, concentrations. Reproduced with permis-
sion.lsl Copyright 2016, Elsevier B.V.

4.4. Selectivity

The selective reaction of Pd nanogap-based MOTIFEs toward
H, has been tested for several toxic gases, such as CO, NO,
NO,, and NHj. Various target gases were continuously injected
into the sensor. 10 ppm (0.001%) of the different toxic gases
were individually released into the sensor after a single cycle of
0.5% H, gas-in and gas-out, as shown in Figure 22. There was
no current response to the added gases. The results indicated
that the Pd MOTIFEs reacted only with H, gas. Furthermore,
the current response level of the sensor to 0.5% H, remained
nearly unchanged throughout all exposures of the tested toxic
gases. This study demonstrated that Pd-based MOTIFEs have
selective on/off responses only for H, and do not degrade in
the presence of the tested toxic gases.

5. Performance of Pd Nanogap H, Sensors

5.1. Sensitivity

Sensitivity—how precisely the target can be detected—is one of
the most crucial performances of a sensor. Generally, the sensi-
tivity is defined as the ratio of the change in signal to the initial
value; in the case of an electrical response, it can be obtained
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from a change in electrical conductance (current) or resist-
ance. In on—off sensors because the initial state “off” is an open
circuit and the electrical conductance is zero, the sensitivity
should be obtained from the resistance. Therefore, the sensi-
tivity of MOTIFEs and CPEs were defined as AR/Ry X 100(%),
where AR and Ry are the resistance change (R — Ry) and initial
resistance, respectively.[3¢37]

Figure 23 shows the sensitivity of a resistance sensor using
Pd film and a CPE at various H, concentrations. The sensi-
tivity of the resistance sensor based on the carrier scattering
mechanism was found to be very small. This is because of
the limited change in resistance caused by the H, absorption
of the Pd film. In these “on” sensors, a sensing signal corre-
sponding to the initial value is required to obtain high sensi-
tivity. On the other hand, in the case of CPE, an on-off sensor
because the initial resistance was infinite, a sensitivity of 100%
could be easily obtained even at a negligible signal. In fact, all
the Pd nanogaps on elastomer sensors, including MOTIFEs,
showed 100% sensitivity irrespective of the H, concentration,
even for signals at the detection limit.[18:36:3741424445] Thig g
a distinguishing feature of the on—off sensor and one of the
outstanding advantages of MOTIFEs and CPEs compared to
sensors with other mechanisms such as a low H, concentra-
tion sensor.

In the evaluation of the sensitivity of such an on-off sensor,
the result may be different depending on the measurement
configuration. To obtain the absolute value of the resistance
in the Pd film, it is necessary to apply the 4-terminal meas-
urement using a current source and voltage meter. However,
when the open circuit of the off state is configured, an arbi-
trary voltage value can be obtained by the internal resistance
of the measurement system, even when it has zero electrical
conductance. In the typical -V measuring system used in
these works, a resistance of 100 MQ is obtained in the open
circuit rather than infinity value.””! Furthermore, the -V
measurement that applies a fixed current can cause damage to
systems with high resistance. Consequently, in MOTIFEs and
CPEs, it is desirable to conduct V-I measurements using a
voltage source and a current meter for H, detection using the
electrical response.

5.2. Discernibility at High H, Concentrations

Another important factor in the performance of an H, sensor
is the discernibility, which indicates how accurately the con-
centration of H, can be quantified with a scalable response.*®l
In the on-off sensors MOTIFEs and CPEs, it can be deter-
mined by the range from the detection limit (at which the
circuit is closed and initiates the “on” state owing to the Pd
expansion) to the lowest resistance point due to completely
closed nanogaps (the high concentration discernibility limit).
As shown in Figure 24a, in both MOTFE and CPE made of
pure Pd nanogaps, the discernibility limit was found to be at
the H, concentration of 2%, which did not change even if
the nanogap width was varied by an additional process such as
LNF.8 This can be attributed to the o to 3 phase transition.
The o-phase Pd is transformed into B Pd hydride as the H,
concentration increases above 1%,23 and the expansion due to

(20 of 26) © 2021 Wiley-VCH GmbH
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Figure 21. a) Real-time electrical responses of the Pd MOTIFEs annealed at various temperatures ranging 80-200 °C. b) Temperature dependence of
the nanogap length along with the SEM images of the surface of Pd nanogaps. The red line indicates the error. c) Sensor response versus time plot
of the Pd nanogap sensors annealed at 100 °C in 10% H,. d) Reproducibility tests of the real-time electrical responses of the annealed Pd nanogap
sensors in 10% H,. Reproduced with permission.”’l Copyright 2016, Elsevier B.V.

the 3 phase transition, which is 3.47% of the lattice parameter,
is significantly larger than that of the o phase due to the pen-
etration of H, into Pd (0.13%).°7U As a result, the closing
of the nanogaps is accelerated due to H, exposure, thereby
rapidly increasing the change in current response. However,
when the concentration of H, increases above 2%, exceeding
the maximum H, solid solubility, the phase transition to the
B Pd hydride is completed and the nanogaps are sufficiently
closed, so that the change in the electrical response according
to the increase in H, concentration is no longer observed.”*7]
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Figure 22. Real-time electrical responses of the selective H, response,
compared with responses to other interfering gases. Reproduced with
permission.t¢l Copyright 2016, Elsevier B.V.
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The low discernibility limit in the patterned CPE can also be
attributed to the same mechanism, and the current changes
according to the H, concentration of pure Pd in Figure 24b
clearly shows the behavior described above.

On the other hand, as in the case of the PdNi alloy MOTIFE
and Pd-PMMA hybrid MOTIFE, the discernibility at high con-
centrations can be improved through the use of different mate-
rials (Figure 24a).3®* In particular, by alloying Ni with Pd, it
was possible to achieve an enhancement in H, solid solubility
to more than 10%, which is more than five times the value for
pure Pd. This can be attributed to the suppression of the o to
phase transition due to Ni inclusions, resulting in an increase
in the H, concentration at which the 3 Pd hydride is completely
formed."®”] Therefore, as the response trend of the PdNi
alloys with different Ni compositions shows in Figure 24b,
there is room for further improvement of the discernibility by
increasing the Ni content.’®) However, it was found that the
excessive increase in the Ni content caused a decrease in the
sensitivity by increasing the resistance of Pd film,[® causing a
corresponding deterioration in the detection limit because of
the reduction in H, solubility and the decrease in the volume
expandability of Pd."8!

5.3. Response Time
Next, the response times of H, detection using MOTIFEs and
CPEs are summarized. The response time is as important as

sensitivity and discernibility in the commercial application of
a sensor, and it can be determined by dividing the response

© 2021 Wiley-VCH GmbH
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Figure 23. The real-time sensitivity of a) a resistance sensor made of Pd
film on the Si substrate and b) a CPE with Pd nanogaps on the PDMS
substrate, at various H, concentrations. The inset of (a) is a magnified
image of the plot to illustrate the sensitivity. Reproduced with permis-
sion.’”l Copyright 2012, Elsevier B.V.

time, which is the reaction speed when exposed to H,, and the
recovery time, which is the time to return to its original state
when H), is removed. The response time is defined as the time
to reach 90% of the total change in the electrical signal, and
the recovery time is determined as the time to recover by 90%,
that is, the time to return to a sensitivity of 10%.18* Therefore,
these properties can be obtained from real-time sensitivity, as
shown in Figure 25.

In almost all MOTIFEs and CPEs, the response and
recovery times were found to be =1 s, regardless of H, con-
centration, and the recovery time was slightly longer than the
response time in general.l®36-384.421 The response time of
the typical MOTIFE was obtained as 0.67 s at 2% H, concen-
tration, and the recovery time was 3.36 5.8 In a typical CPE,
a time of less than 1 s was obtained not only in the response
but also in the recovery in the H, range of 0.4% to 4%.1) It
was confirmed that such short response and recovery times
were maintained even when the detection limit was reduced
using the LNF process.I* In the case of PdNi alloy MOTIFEs,
response and recovery times of less than 1 s were obtained
even at a low H, concentration of 0.02% to 0.05%.1**! How-
ever, to analyze accurate response and recovery times, a much
shorter measurement interval is required. Therefore, values
of less than 1 s could not be analyzed accurately in the results
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above because of the measurement interval of 1 s, except for
the case of typical MOTIFE with 0.42 s intervals. However, as
shown in Figure 25a, it can be inferred from the 100% sen-
sitivity obtained within the measurement interval (1 s) that
the response and recovery times were much shorter than 1 s.
The patterned CPE also showed response and recovery within
1sin 0.1% to 2% H, concentrations.*”l The fastest responses
were obtained from the Pd-PMMA hybrid MOTIFE. The
real-time electrical response was obtained at 0.4 s intervals
at 2% concentration of H, exposure, and the response and
recovery times were reported as =0.36 s (Figure 25b).*l The
response and recovery times, which are =100 times faster
than those obtained in Pd films on silicon substrates (64 s),[!®]
were attributed to the highly mobile Pd film on the elasto-
meric PDMS substrate, and were evaluated to be sufficient
for commercial needs.
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Figure 24. a) The limitation of high H, concentration discernibility in var-
jous MOTIFEs and CPEs. The discernibility limit data of Pd MOTIFE,l
CPE,Pl LNF-Pd MOTIFE,®8 LNF-CPE,B8 PdNi alloy MOTIFE,B®
Pd-PMMA hybrid MOTIFE,*! and patterned CPE!? were obtained from
previous works. b) The change in electrical response of Pd and PdNi alloy
MOTIFEs as a function of H, concentration from 0% to 10%. Reproduced
with permission.®l Copyright 2012, Elsevier B.V.
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Figure 25. a) The real-time sensitivity of a PdNi alloy MOTIFE with various
H, concentrations in N, carrier. The numbers 0.05 to 0.01 indicate the H,
concentrations (in %), and the time interval between data points is 1 s.
Reproduced with permission.3¢l Copyright 2012, Elsevier B.V. b) The real-
time sensitivity of a Pd-PMMA hybrid MOTIFE with a constant H, concen-
tration of 2% in air atmosphere. The lower and upper numbers in the graph
represent response and recovery times, respectively. The time interval is 0.4 s.
Reproduced with permission.*!l Copyright 2014, Elsevier B.V.

6. Summaries and Future Outlook

We have discussed recent advances in the development of
Pd nanogap-based hydrogen gas (H,) sensors supported on
elastomeric substrates, which have been achieved over the
past decade. Since Pd-based H, sensors operating in an on—off
manner—a new paradigm in H, gas detection enabled by the
formation of Pd nanogaps—were introduced using Pd mes-
owire arrays, much effort has been made to improve H,-sensing
performance to meet the requirements of practical applications.
Pd nanogap-based sensors, which operate with a gap opening
and closing mechanism, typically have many advantages, such
as very high sensitivity and reliability and rapid response, com-
pared to conventional Pd-based sensors operated by electron
scattering mechanisms. However, these sensors also have some
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disadvantages, such as complicated fabrication processes and
poor low detection limits, which need to be solved out. Among
various approaches to obtain enhanced sensing properties,
better reliability, and easier manufacturing processes, the use
of an elastomeric substrate has provided a new methodological
paradigm to overcome the disadvantages of Pd nanogap-based
sensors.

Controlling the width of nanogaps, which is one of main
challenging issues in the use of these sensors utilizing Pd
nanogaps on an elastomeric substrate, has been attempted in
Pd MOTIFE. The nanogaps in Pd MOTIFEs are created as a
result of Pd film shrinkage after mechanical stretching and
internal stress relaxation after H, removal. In order to reduce
the nanogap width to less than 100 nm in Pd MOTIFEs, in
which the low detection limit is good enough, various methods
have been attempted. 1) Adding a small amount of Ni to Pd
can effectively reduce the nanogap width to sub-100 nm. The
reduced width of the nanogap in Pd-Ni film on an elastomeric
substrate is due to the increased fracture toughness and duc-
tility resulting from the material properties of Ni, which exhibits
higher toughness and ductility than Pd (Pd-Ni alloy MOTIFE).
2) Sub-100 nm nanogaps were also obtained using an LNF of
Pd-sputtered elastomeric substrates due to the thermal contrac-
tion of cracked Pd film. This is attributed to the difference in
the coefficient of thermal expansion between the Pd film and
the PDMS (LNF-Pd MOTIFE). 3) Extremely narrow (sub-10 nm)
nanogaps in Pd MOTIFE were achieved by the combination of
tensile straining and the fine control of the initial hydrogen
concentration. The nanogap width has been shown to decrease
with decreasing the H, concentration of the initial exposure.
This is because as the H, concentration deceases, the amount
of stress stored in the film during the expansion of the Pd film
decreases (initial H,-engineered Pd MOTIFE). 4) A strain engi-
neering method produced nanogaps in Pd MOTIFE parallel
as well as vertical to the straining direction at higher velocities
and magnitudes of tensile strain. A significant reduction in
the detection limit to 50 ppm in air was observed, which was
due to a decrease in the nanogap width and an increase in the
nanogap density. Thus, the nanogap density also becomes an
important factor affecting the detection limit (strain-engineered
Pd MOTIFE).

The reliability in ambient atmosphere, stability under
humidity conditions, thermal stability, and selectivity in sev-
eral toxic gases have been extensively investigated for prac-
tical applications of Pd MOTIFEs. To improve the reliability
of a Pd MOTIFE in ambient atmosphere, a PMMA filter layer
was applied to prevent from interference of O, and H,0 in air
during H, sensing. The Pd-PMMA hybrid nanogap sensor
operates well as an on-off sensor and shows a significant
improvement in detection limit in air. In addition, the inter-
ference of humidity and thermal exposure on the Hj-sensing
performance of Pd MOTIFEs was investigated, revealing that
the sensing performance of the Pd-based MOTIFEs does not
significantly degrade even under high RH conditions (90%)
and a Pd MOTIFE can operate in a perfectly on—off mode with
rapid response times (<1 s) even annealed at temperatures up
to 100 °C. More importantly, it was found that the Pd MOTIFEs
have selective on/off responses only for H, and they exhibit no
degradation due to the tested toxic gases, specifically CO, NO,
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NO,, and NH;. In addition, the Pd MOTIFE based on—off sen-
sors generally showed 100% sensitivity and 1 s response and
recovery times.

Significant advances have been made on Pd nanogap H, sen-
sors using an elastomeric substrate, demonstrating the poten-
tial to provide an optimal sensor by achieving several important
functions, such as easy fabrication, low detection limit, high
sensitivity, high discernibility, rapid response, good reliability,
and good stability in humid and thermal conditions. However,
there are still some issues, such as reliability for operation in
the wide temperature range —40 to 200 °C and stability for
long-term use for practical applications, in particular, which are
crucial in the use of hydrogen fuel cell vehicles. New insights,
approaches, or converging technologies in various research
fields are necessary to overcome existing shortcomings and
facilitate the realization of Pd MOTIFEs for commercial appli-
cations in the near future.
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