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Abstract We report quantitative nanocrack formation
upon adjusting the mechanical tensile strain applied to a Pd
thin film on an elastomeric polydimethylsiloxane (PDMS)
substrate and its detection properties for H, gas in air.
Nanocrack formation in Pd/PDMS substrates was controlled
through the application of tensile strains that varied in the
range 30-120 % during mechanical stretching/compression.
This method can be used to modulate nanocrack formation
along both the x- and y-axes over a large area. Increasing the
applied tensile strain to 90 % induced the appearance of
horizontal cracks along the y-axis in addition to an increased
number of vertical cracks along the x-axis. When the strain
reached 120 %, ordered nanocracks abundantly propagated
on the Pd surface in both the directions. Gas detection
properties were dramatically enhanced, with a very low
detection limit of 50 ppm H, in air observed for 120 %
strain. This was attributed to the large surface area in the Pd
nanocrack pattern, which readily allowed for volume
expansion. These results provide a simple mechanism for
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controlling the detection properties of H, gas sensors with
low detection limits in air.

Introduction

Hydrogen is a promising resource for many applications,
especially for hydrogen vehicles and in the semiconductor
industry; it also has the potential for development as an
energy carrier. However, owing to the flammability and
explosive nature of hydrogen, secure monitoring systems
and H, gas sensors are needed. Many efforts have focused
on developing H, gas sensors with rapid response times
and high sensitivities and selectivities. To develop a sensor
that operates with a low detection threshold at ambient
temperature, H, gas sensors have been fabricated using Pd
metal films due to their superior hydrogen solubility
properties at ambient temperature, compared to metal-ox-
ide-based sensors (ZnO, WOs, In,O3, NiO, CuO, Fe,0s;,
TiO,, MnOs, and SnO,), which typically operate at rela-
tively high temperatures (~400 °C) [1-9].

We have previously reported examples of controlled
nanogap formation for H, sensors by either the stretching
or repeated H, treatment cycles of Pd films on elastomeric
substrates, which showed satisfactory ON-OFF behaviors
and rapid response times (<1 s) [10-16]. Through these
studies, we showed that the reduction of the nanogap width
is a key to achieving a low detection limit in the H, gas
sensor. To control nanogap size, recent work has demon-
strated adjustable nanocrack formation along the x- and y-
axes via the kinetic control of tensile velocities in Pd/
polydimethylsiloxane (PDMS) bilayers [17]. A mechanism
for the periodic pattern formation was identified: the ver-
tical cracks in the x-axis and horizontal cracks in the y-axis
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are generated during the stretching and contraction pro-
cesses, respectively, and are attributed to the differences in
the mechanical properties of the metal thin film and the
elastomeric substrate. Furthermore, the variation of the
tensile velocity (100-800 pm s~ ') changed the density of
the nanocrack array under a fixed strain value of 100 %,
but the nanogap size was invariant. Although several
papers on crack pattern formation have reported that the
patterns can be controlled by altering the mechanical strain
applied to metal/polymer bilayers at ambient temperature,
this approach has not been applied for nanogap-based H,
sensors [18-22]. Thus, nanogap size control for nanogap-
based H, sensors still requires study, especially for prac-
tical applications in air.

In this work, we quantitatively describe the control of
nanocrack pattern formation in a Pd/PDMS bilayer through
the application of varying tensile strains (from 30 to
120 %) during mechanical stretching/compression. We
correlate the characteristics of the nanocrack patterns in
terms of width, density, and strain magnitude. Mechanical
nanocrack modulation with variable tensile strains over the
entire Pd film is related to the gas detection properties, and
this feature allows the film to be used in sensors with low
H, gas detection limits (50 ppm) in air.

Materials and methods

An elastomeric substrate was fabricated from PDMS
according to established literature methods [15]. The
PDMS substrate was 1 cm wide x 2.7 cm long, with a
thickness of 0.6-0.75 mm. A 10-nm-thick Pd film with
dimensions of 1.0 cm x 1.5 cm was deposited on the top
surface of the PDMS substrate from a high-purity Pd target
(3 N) using ultra-high-vacuum (UHV) DC magnetron
sputtering under an Ar atmosphere. The deposition process
was performed below 2.3 x 107 Torr in Ar at a flow rate
of 34 sccm and a base pressure of 4.8 x 10~ Torr. The
deposition rate of the Pd film at room temperature (RT)
was ~3.7 A s™" at 20 W. The Pd thin films on the PDMS
specimens (Pd/PDMS) were loaded onto a microtensile
tester (Linkam Scientific Instruments, TST350). Their
mechanical properties were measured with a capacity of 5,
7, 11, or 20 N at a constant tensile velocity of 800 pm s !
at tensile strains of 30, 60, 90, and 120 %, respectively.
The tensile strain was defined as {(L — Lg)/Ly} x 100 (%),
where Ly and L are the initial length of the Pd/PDMS and
its length in the presence of a tensile stress, respectively.
Nanocracks were intentionally generated on each sample
during 25 load/unload cycles at RT. The nanocracks and
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Fig. 1 a Hysteresis loops of tensile stress versus strain for the PdA/PDMS bilayers measured at room temperature with varying strains from 30 to
120 % during 25 load/unload cycles. b Elastic modulus and ¢ stored energy density versus number of cycles for the different tensile strains
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surface morphologies of the Pd/PDMS specimens were
observed by scanning electron microscopy (SEM, JEOL
JSM-6701F), optical microscopy (OM, Olympus
BX41 M), and atomic force microscopy (AFM, Park Sys-
tems XE-Bio).

For H, gas detection measurements, a PdA/PDMS sample
was mounted onto a printed circuit board and electrical
connections were formed using Ag paste (CANS,
ELCOAT P-100). Each sample was exposed to H, gas at
the rates of 0.005, 0.01, 0.05, 0.1, 0.2, 0.4, 0.8, 1.2, 1.6, and
2 % in air at RT. Sensor measurements were carried out by
placing the sensor in a sealed flow cell with a total dead
volume of 250 mL and equipped with a mass flow con-
troller. The performance of the H, sensor was measured by

(it
L ANl R il

(b) Vertical crack Cyecling

monitoring of the change in the resistance in a source—
measure unit (Keithley 236, Keithley Instruments Inc.)
with a constant voltage supply of 0.1 V for a time interval
of 0.1 s. A more detailed procedure can be found elsewhere
[10].

Results and discussion

Plots of the tensile stress versus the strain of the Pd/PDMS
bilayers obtained at strains of 30—120 % over 25 load/un-
load cycles are shown in Fig. la. The maximum strain
value was chosen as 120 % because the samples fractured
at strains above 130 %. In all the measurements, the end of

Fig. 2 a Top-view optical microscopy (OM) images of cracks in a Pd thin film on PDMS formed under tensile strains of 30, 60, 90, and 120 %.
b Schematic drawing of the mechanism of crack formation during the uniaxial tensile strain cycles

@ Springer



J Mater Sci

strain was extended to compensate for the changing length
of the samples bent at the beginning of the loading state, as
can be seen in Fig. la. All the loading and unloading
stress—strain curves at the different applied strains show
hysteresis loops with residual strains. However, the hys-
teresis loops exhibit external strain- and cycle number-
dependent behaviors. At lower tensile strains (30 and
60 %), the loading stress—strain curves are nearly linear
and the hysteresis loops are unchanged during cycling. At
higher tensile strains (90 and 120 %), the linear curvature
at the initial cycle is transformed to non-linear with
increasing cycles. The different hysteresis behaviors with
respect to strain are mainly attributed to the viscoelasticity
of the PDMS. Thus, the thin Pd (10 nm) metal film can be
strongly affected by the mechanical behavior of the thick
PDMS substrate (0.6-0.75 mm). Viscoelastic materials
exhibit both elastic and viscous characteristics when
undergoing deformation. The stress—strain curve of such a
material is separated into two regimes at a certain strain
value depending on the elasticity and viscosity of the
material [23], as can be seen in our results in Fig. la: a
linear viscoelastic regime is observed at lower strains and a
time/strain rate-dependent non-linear viscoelastic regime
occurs at higher strains. The elastic modulus of the Pd/
PDMS, calculated for the strain range below 40 % as the
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Fig. 3 Atomic force microscopy (AFM) images (90 x 90 umz) with
cross-section line profiles (x- and y-axes) to observe the various crack
patterns formed in Pd/PDMS samples prepared under a tensile stain
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slope of the initial linear curve [24], shows no change
during the entire load/unload cycle (Fig. 1b). This means
that the elasticity of the Pd/PDMS at this lower strain is
nearly unchanged despite the repeated cycles. However,
the viscosity is strongly affected by the magnitude of the
external strain and the loading/unloading cycles. Thus, at
higher strains of 90 and 120 %, the linear viscoelastic
behavior of the hysteresis loops in the initial cycle attains
non-linear viscoelastic characteristics with increasing
cycles. Moreover, the maximum stress at the end of
stretching at the higher strains is suddenly enhanced at
around 3-4 cycles and decreases with cycling. These
results can be explained as follows: The viscoelastic
material exhibits a time delay in returning to its original
shape when the load is removed. This property can be
exaggerated at higher strains. Therefore, the accumulated
energy that remains in the Pd/PDMS material during 1-2
cycles due to its partial recovery causes the sudden
enhancement of the maximum viscous stress when the next
cycle is applied. Thereafter, the maximum stress is
reduced, which is most likely due to strain hardening. On
the other hand, Fig. lc displays the calculated stored strain
energy density corresponding to the area of the stress
versus strain hysteresis loops from Fig. la. At both 90 and
120 % strains, the stored energy density increases during
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gradient. The SEM images in the insets indicate the representative
crack width for each tensile strain
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the initial cycles and steadily decreases over the multiple
repeated loading/unloading cycles. The decrease in the
energy density during the cycles implies that the absorbed
energy in the samples is used to generate cracks in the Pd
film. A significant reduction in the stored energy appears at
120 % strain, which indicates greater crack generation at
higher strains. Hence, we microscopically investigated the
surfaces of the Pd films strained at different values.

The top-view OM images in Fig. 2a reveal the cracks
formed in the Pd thin films on the PDMS substrates.
Twenty-five load/unload cycles were applied in the x-di-
rection at tensile strains of 30, 60, 90, and 120 % under a
constant tensile velocity of 800 um s~'. At low tensile
strains (30-60 %), cracks are formed only along the x-
direction; however, at 90 % tensile strain, the vertical crack
patterning becomes narrower and horizontal crack patterns
appear in the y-direction. Finally, many cracks are gener-
ated on the Pd film in both the x- and y-directions at the
high tensile strain of 120 %. Figure 2b shows a schematic
drawing of the mechanism for crack formation under the
uniaxial tension strain cycles. As was reported in our pre-
vious work, the vertical crack patterns are induced while
stretching in the x-direction, and the horizontal crack pat-
terns are created in the y-direction on applying compres-
sion to remove the tensile strain, as illustrated in Fig. 2b
[17]. The crack formation mechanism was explained by the
Poisson effect: the difference in Poisson’s ratio v (i.e., the
ratio of the transverse and axial strains, —é&y,/e,, respec-
tively) between the relatively stiff Pd metal film (v = 0.39)
and the viscoelastic PDMS substrate (v = 0.5) leads to
different stress distributions in those materials [25]. The
horizontal cracks observed in the previous study were
fabricated under 100 % strain applied at a slow tensile
velocity of 50 pm s~ . In this study, we adopted a higher
tensile velocity of 800 um s~' for the strain variations of
30-120 %, and the horizontal cracks appeared only above
90 % [16]. According to these results, we can conclude that
the strain required to induce the horizontal cracks must be
at least 100 %. Thus, horizontal crack formation is affected
by the magnitude of the strain applied to the Pd/PDMS,
whereas it is independent of the tensile velocity.

Figure 3 presents more detailed AFM images of the Pd
film surfaces on the PDMS substrates. The AFM images
show similar crack formation behaviors with strain varia-
tion as observed in the OM images in Fig. 2a. In detail, at
30 % tensile strain, we observe a wide distribution of
vertical cracks with arrays of partial horizontal buckling;
increased buckling arrays are formed along the x- and y-
axes as the tensile strain is increased to 60 %. Conse-
quently, these buckled arrays are transformed into nanoc-
racks in both directions at a high tensile strain of 90 %. At
120 %, the distance between adjacent nanocracks becomes
narrower in both directions. During crack formation, the

crack widths are also narrowed, as can be seen in the
representative SEM images in the insets of Fig. 3.
Average nanocrack widths for the various tensile strains
were estimated from SEM images obtained at 9 points in
the Pd thin films (1.0 x 1.5 cm?), as shown in Fig. 4a. The
vertical and horizontal cracks, formed along the x- and y-
directions, respectively, show different width variations for
the different tensile strains. The average widths of the
vertical nanocracks are 357, 254, 104, and 94 nm at 30, 60,
90, and 120 % tensile strains, respectively, and those of the
horizontal nanocracks are 52 and 41 nm at 90 and 120 %
tensile strains, respectively. The average width of the
vertical cracks formed at 30 % strain is consistent with
prior published works for an as-cracked Pd/PDMS strained
at 25 % with 300420 nm gap size [10, 13]. In contrast to
the previous result showing the independence of crack
formation on the tensile velocity at a fixed strain, the
vertical crack width in this study shows a significant
decrease with increasing tensile strain from 30 to 90 %
[17]. However, the horizontal crack widths at 90 and
120 % strains look similar. The average crack density in a
unit length along the two axes was calculated by counting
the peaks in the AFM depth profiles scanned at 9 positions
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Fig. 4 a Average crack width distribution along the x- and y-axes
estimated from SEM images in Fig. 3. b Crack density in a unit length
for both the x- and y-axes, which was calculated from the AFM depth
profiles at various tensile strains. Inset shows the average total crack
density per unit area. In both a and b, data points for the horizontal
cracks at strains of 30 and 60 % are absent because the horizontal
cracks appear only above strains of 90 %
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Fig. 5 Real-time current responses of the Pd/PDMS prepared under the indicated strains, which were evaluated during exposure to H, gas

concentrations ranging from 0.005 to 2 % in air

(90 x 90 umz) across the entire film area (1.0 x 1.5 cm?).
The vertical crack density gradually increases as the tensile
strain increases, and the horizontal crack density (above
90 % strain) is also increased. Therefore, the total crack
density per unit area shows a sudden increase on going
from 60 to 90 % applied strain.

To examine the effects of the tensile strain, the real-time
electrical responses upon gradually decreasing the H,
concentration from 2 to 0.005 % were measured in air for
the variously cracked Pd/PDMS samples. The results are
shown in Fig. 5. The cracked Pd films on PDMS operated
in a satisfactory ON-OFF mode over the measured H,
concentration range. As the tensile strain was increased
from 30 to 120 %, the limits of H, gas detection were
decreased to 0.8, 0.2, 0.05, and 0.005 %, respectively, as

@ Springer

can be seen in Fig. 6a. To evaluate the H, sensing per-
formance of the nanocracked Pd/PDMS, the response time
(defined as the time to reach 90 % from 10 % of the
maximum electrical resistance) and recovery time (defined
as the time to reach 10 % from 90 % of the baseline
resistance) were estimated. At 2 % H,, the average
response and recovery times are in the range of 12-36 and
5.5-40 s, respectively, which are faster by approximately
an order of magnitude that those reported for a Pd nanowire
(88 x 128 nm?) measured at 2 % H, in air [26]. In addi-
tion, the average response time in 2 % H, becomes shorter
with increasing strain, which may be caused by the higher
crack density with narrower widths.

Here, a noteworthy fact is that the sensor subjected to a
high strain of 120 % reveals a very low detection limit of
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(Color figure online)

0.005 % even in air, as clearly seen in the magnified view
in Fig. 5. This remarkable reduction in the H, gas detection
limit in air is comparable to the values for Pd-based sensors
with very narrow nanogaps (25-100 nm) measured under
nitrogen background gas [10, 12, 13]. When the Pd/PDMS
sensor is exposed to H, in air, O, molecules react with the
surface of the Pd film to form chemisorbed O atoms; then,
the reaction of the Pd surface with chemisorbed H, results
in both Pd-H and H,O formation according to the fol-
lowing reactions: Pd—O + 3/2H, (ads) - Pd-H + H,O
(ads) and H,O (ads) — H,O (g) [27]. Accordingly, the rate
of Pd—H formation in air is reduced compared to that under
a N, atmosphere. Thus, it is usually difficult to achieve
such a low limit for H, gas detection in air (0.005 %) for a
Pd-based nanogap sensor. The pure PdA/PDMS sensor with
a nanogap size of ~420 nm exhibited a H, gas detection
limit of 1.2 %, as presented earlier (green pentagon in
Fig. 6b). In order to explain our results, we considered the
width and density of the nanocracks as important factors.
The previous studies in N, environments revealed that the
reduction in the crack width is a significant factor for the
detection of low H, concentrations [10-16]. Our results
consistently demonstrate the same behavior, i.e., the
decrease of the gas detection limit with decreasing

nanocrack width, from 30 to 90 % strain. However,
although the crack widths of the Pd/PDMS specimens
strained at 90 and 120 % are similar, the detection limits
are much lower for the 120 % sample. Hence, the higher
crack density at 120 % than at 90 % as observed in Fig. 6¢
must inevitably be the reason. Moreover, it has been pre-
dicted that the surface area/volume ratio would propor-
tionally give a high performance in H, gas detection
properties for low H, levels (<1 %) [26]. Hence, the Pd/
PDMS produced by 120 % strains provides a much larger
surface area in the densely propagated periodic nanocrack
patterns in both the x- and y-directions, and the reaction to
form Pd-H can easily occur at the Pd cracked surfaces,
even at the lowest H, concentration, compared to the case
of 90 % strain. Therefore, the excellent H, gas detection
properties—i.e., the lowest detection limit of 0.005 % in
air at the high strain of 120 %—are primarily attributed to
the formation of many narrow nanocracks created over the
entire Pd film, allowing rapid connection between neigh-
boring nanocracks by the volume expansion of the Pd film
after H, gas exposure.

Conclusions

The strategy of applying various tensile strains shows great
promise for generating quantitatively ordered crack pat-
terns in Pd thin films on PDMS, as well as their application
in H, sensors with low detection limits in air. In the hys-
teresis loops of tensile stress versus strain, the decrease in
the stored energy during the loading/unloading cycles
implies internal crack propagation and leads to further
crack generation at higher tensile strains. We found that the
horizontal cracks parallel to the straining direction can be
generated only when the tensile strain is above 90 % and
are independent of the tensile velocity, and provide quan-
titatively ordered crack patterns over the entire Pd film
surface. At the high tensile strain of 120 %, the high
density of vertical and horizontal cracks with narrow gaps
and resultant high surface area in the Pd/PDMS specimens
gives rise to the very low detection limit of 50 ppm H,
even in air. Thus, we have demonstrated that the density of
nanocracks is critical for detecting low H, concentrations.
These results provide a simple mechanism for controlling
the detection properties of H, gas sensors with low
detection limits, even in air.
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