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a  b  s  t  r  a  c  t

We  report  the  effects  of various  tensile  velocities  on  the nanocrack  formation  in a  Pd  thin  film on  an
elastomeric  polydimethylsiloxane  substrate  and  its  H2 sensing  properties.  A  tunable  nanocrack  along  the
x and  y  axes  was  created  by mechanical  stretching/compression  cycles  with  varying  tensile  velocities.
From  the  microstructural  analyses,  we  found  that  the  tensile  velocity  has  a significant  effect  on the  crack
density  but  little  effect  on  the  average  crack  width.  The  Pd  nanogap  sensor  prepared  under  a  high  tensile
eywords:
anocrack
ensile velocity
echanical properties

velocity  showed  a high  performance  with  a low  detection  limit  of 500  ppm  of  H2 in air.  Our  results  indicate
that  the  higher  crack  density  with  the narrow  nanocrack  width  (55–100  nm)  propagated  over  the entire
film  provides  the  enhanced  H2 sensing  properties  in air.

©  2016  Elsevier  B.V.  All  rights  reserved.
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. Introduction

In order to generate structures at the nanoscale, advanced
anopatterning and nanofabrication technologies typically make
se of templates in the fields of soft lithography, nanoim-
rint lithography, and hot embossing. However, there are also

ithography-free methods that can create periodic patterns with-
ut the use of templates. Wrinkling and cracking are two examples
f periodic patterns that occur in stiff films and on elastomeric
ubstrates. These patterns have generated increasing interests for

 wide range of practical applications, including photonics [1–4],
tretchable electronics [5–9], microfabrication [1,10–16], and flex-
ble sensors [17–22]. The first wrinkle pattern was reported on

 50-�m-thick Au film thermally deposited on a polydimethyl-
iloxane (PDMS) substrate, where the thermal expansion mismatch
etween the metal film and the PDMS substrate, caused by cool-

ng the sample surface from 110 ◦C to room temperature (RT),
as used to cause buckling via compressive stresses [10]. Many

tudies have developed fundamental theories and a variety of
xperiments aimed at developing multifunctional micro/nanoscale

atterns induced by the internal compressive stress [9,23–27]. In
ontrast, crack patterns are typically formed using the tensile stress.
ome studies on crack pattern formation have reported that the
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crack pattern can be modulated by altering the mechanical stress
applied to the metal/polymer bilayers at ambient temperature. The
tensile stress can create an array of nanocracks within the stiff film
that are perpendicular to the applied stress because of the differ-
ences between the mechanical properties of the metal thin film and
those of the elastomeric substrate [28].

In our earlier work, we  investigated a nanogap-based sensor in a
Pd metal film on a PDMS substrate by applying tensile stress for the
first time [29]. Subsequently, qualitative methods have been sug-
gested to develop the nanogap-based sensors using both a highly
mobile thin film on an elastomeric substrate by stretching [30–32]
and a cracked Pd film on an elastomeric substrate by repeat of H2
treatment for different H2 concentrations [33,34] for controlling
the crack formation for H2 sensors. The performance of such sensors
was tested in inert N2 environments. The sensors exhibited superior
on–off behavior with a wide range of detection H2 (10–40000 ppm)
in N2 [29–34]. The studies also reveal that the reduction in the crack
width is a significant factor for the detection of a low H2 concentra-
tion under N2 [29–34]. However, many efforts have not been made
to create the nanocracks and control its width or density via a quan-
titative method for nanogap-based sensors used for H2 sensor in air
atmosphere for practical applications.

In this study, we report the effects of various tensile velocities
on the nanocrack formation in a Pd thin film on an elas-

tomeric PDMS substrate and its sensing properties in the air. We
demonstrate that intentional mechanical stretching/compression
cycles provide tunable nanocrack formation along the x and y axes
which can be controlled due to tensile velocity.

dx.doi.org/10.1016/j.snb.2016.02.093
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.02.093&domain=pdf
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ig. 1. (A) Perspective-view optical microscopy of nanocracks generated in a Pd thin
epth  distribution along the x and y axes obtained from the atomic force microscop
elocities, and (D) average crack width distribution along the x and y axes estimate

. Experiment

.1. Fabrication of samples

A thin film of PDMS cured at RT for 16 h and then at 75 ◦C for
 h was used as an elastomeric substrate (1.0 cm (W)  × 2.7 cm (L),
.6–0.75 mm thick), and a Pd film was deposited on top of the PDMS
ubstrate via ultrahigh-vacuum (UHV) DC magnetron sputtering in
n Ar atmosphere. The Pd film was 1.0 cm (W)  × 1.5 cm (L) in area

ith a thickness of 10 nm.  The deposition process was  carried out

elow 2.4 × 10−3 Torr in Ar at a flow rate of 34 sccm in a vacuum
hamber with a base pressure of 4.7 × 10−8 Torr. The purity of the Pd
on PDMS after applying a tensile stress as a function of the tensile velocity, (B) crack
) maps, (C) crack density calculated from the AFM depth profiles at various tensile

 an SEM images.

target was  3 N. The deposition rate of the Pd film at RT was ∼3.7 Å/s
at 20 W.

2.2. Nanocrack formation

The mechanical properties of the Pd thin films on PDMS were
measured using a microtensile tester (Linkam, TST350) with a

force of 10–14 N at constant RT tensile velocities of 100, 400, and
800 �m/s. The samples were strained by 100% over 20 cycles (load-
ing/unloading), which was defined as (L − L0)/L0 × 100 (%), where L0
and L are the initial length and the final length with an applied ten-
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ig. 2. (A) OM images capturing the nanocrack formation at the top surface of a Pd th
B)  Illustrations of crack formation along the x and y axes at the loading and unlo
istribution in Pd/PDMS during loading/unloading cycles.

ile stress, respectively. Nanocracks were intentionally generated
n each sample during repeated cycles at RT.

.3. Characterization

Following mechanical property testing, scanning electron
icroscopy (SEM, JEOL JSM-6701F), optical microscopy (OM, Olym-

us BX41M), and atomic force microscopy (AFM, Park Systems
E-Bio) were used to view both the size of the nanocracks and

he surface morphology of the Pd thin film on PDMS. The average
anocracks density were estimated by counting the peaks in the
anocrack depth profiles with the scanning size of (90 �m × 90 �m)
btained at 9 positions in the entire film area (1.0 cm × 1.5 cm).

.4. Sensor characterization

For the H2 sensing measurements, the Pd thin film on PDMS
as mounted onto a printed circuit board (PCB) and electrically

onnected to it using Ag paste (P-100, Cans Inc.). The performance

f the H2 sensor was assessed in a gas testing chamber equipped
ith a mass flow controller (MFC). Sensing properties of the H2

ensor was measured by monitoring of the change in the resistance
n a source-measure unit (Keithley 236, Keithley Instruments Inc.)
 on PDMS during 100% tensile strain applied with a slow tensile velocity (50 �m/s).
states to describe the OM images in (A) and (C) Schematic diagrams of the stress

with a constant voltage supply of 0.1 V for a time interval of 0.1 s.
Concentration of H2 was controlled in the range 500–20,000 ppm
in air at RT. A more detailed procedure can be found elsewhere [29].

3. Results and discussion

Images of the nanocracks generated on the Pd thin film on PDMS
at different tensile velocities were obtained using OM (Fig. 1A). A
significant feature in these images is a creation of the nanocracks
along the y direction in response to a cyclically applied (20 cycles)
uniaxial tensile stress at 100% strain in the x direction with depend-
ing on the rates of 100, 400, and 800 �m/s. As the tensile velocity
is increased, the distance between nanocracks becomes narrower
with further crack manipulation in the x and y directions, indicating
that the residual tensile strain creates more crack patterns. More
detailed 3D AFM images show the same behavior of the nanoc-
rack pattern observed in OM (Supporting Information, Fig. S1). The
nanocrack depth profiles along the x and y axes under a tensile

velocity gradient are shown in Fig. 1B. The nanocrack depths fre-
quently exceeded the Pd film thickness of 10 nm,  implying that the
cracks expose the underlying substrate. As the tensile velocity is
increased, the number of the peaks indicating the crack or buck-
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ig. 3. (A) Stress–strain curves for the Pd thin film on PDMS during 20 loading/unl
B)  (a) Young’s modulus of the Pd/PDMS sample at the 20 cycles repeat for differen
ersus  the tensile velocity.

ing are increased. We  estimated the average nanocrack density by
ounting the peaks in the nanocrack depth profiles with the scan-
ing size of 90 �m × 90 �m obtained at 9 positions in the entire film
rea (1.0 cm × 1.5 cm). The crack density shows an increment with
ncreasing tensile velocity from 100 to 800 �m/s  in both directions
Fig. 1C). To evaluate the average nanocrack width, SEM was con-
ucted at 9 positions for each sample (1.0 cm × 1.5 cm), as shown

n Supporting Information, Fig. S2. The average nanocrack widths
long the x and y axes in the Pd film are displayed for various tensile
elocities in Fig. 1D: 103, 101, and 92 nm along the x axis and 63,
6, and 54 nm along the y axis for tensile velocities of 100, 400, and
00 �m/s, respectively. It shows no remarkable influence on the
agnitude of tensile velocity. Thus, we found that the nanocrack

ensity is strongly governed by the tensile velocity; however, the
verage nanocrack width has a small effect on the tensile velocity.

Fig. 2A shows OM images of the nanocracks formed in the Pd
hin film on PDMS captured at the final state when the stretching is
rrived to 100% tensile strain (left of Fig. 2A) and at the beginning
tate of compression (right of Fig. 2A) with a slow tensile veloc-
ty of 50 �m/s. The illustrations representing the OM images in
ig. 2A are exhibited in Fig. 2B. When stretching in the x direc-
ion, opening of the cracks introduces strong vertical arrays and
eak horizontal buckling; then, parallel crack arrays clearly appear
hen a compressive stress is applied. In contrast, the bare PDMS
ubstrate likely does not have any crack formation (Supporting
nformation, Fig. S3), despite the high stress applied to the sub-
trate. According to these results, we can predict the mechanism of
anocracks formation in the x and y directions based on the descrip-
 cycles with three different tensile velocities of (a) 100, (b) 400, and (c) 800 �m/s.
lied tensile velocities and (b) Average values of elastic modulus and stored energy

tion in the schematic diagrams in Fig. 2C. When the Pd/PDMS
specimen is loaded (unloaded) with applying tensile stress along
the x axis, extension (compression) and contraction (expansion)
occur in x axis and y axis, respectively. The difference in Poisson
ratio (v = −εyy/εxx) of relatively stiff Pd metal film and viscoelas-
tic PDMS substrate leads to the different stress distribution on
those materials. Therefore, when a tensile stress is applied, per-
pendicular crack patterns are induced by the applied stress in the
x direction, and parallel crack patterns are generated during the
accompanying compression that occurs in the y direction. Control-
ling the tensile velocity applied to the viscoelastic substrate gives
rise to a great variation in the nanocrack area and depth. The resid-
ual tensile strain for high velocity generates more opening of the
cracks on the top surface. Thus, the development of residual com-
pression/elongation with increased tensile velocity leads to further
nanocrack formation in the x and y directions, even after repeated
cycles of stretching and compressing.

Fig. 3A shows the tensile stress versus strain curves of PDMS
specimens onto which the thin, 10-nm-thick Pd film was deposited
(hereafter, these are called the Pd/PDMS specimens). The flow
curves were measured during 20 loading and unloading cycles at RT
at three different tensile velocities (100, 400, and 800 �m/s). The
stress–strain curves of the Pd/PDMS specimens reveal nonlinear
elastic behavior as the bare PDMS does (Supporting Information,

Fig. S4B). However, the details are different at higher strain vales.
The maximum tensile stress of the bare PDMS (Supporting informa-
tion, Fig. S4A) is slightly increased with increasing tensile velocity
whereas the Pd/PDMS specimen shows significant increase at
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Fig. 4. (A) Schematics of the H2 sensing procedure using a nanocrack patterned device: (a) crack pattern formation occurring after applying a repeatable 1© tensile stress/ 2©
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ompression to the Pd/PDMS sample with three different tensile velocities; nanocra
aused  by a volumetric change in Pd upon exposure to H2. (B) The real-time electric
emperature.

00 �m/s, which is most likely due to strain hardening. The increase
n the tensile stress gives an increase in the stored strain energy
ensity (Fig. 3B(b)), which corresponds to the area of the stress
ersus strain hysteresis loops in Fig. 3A. In addition, the average
oung’s moduli (Fig. 3B) were calculated from the slopes of the ini-
ial linear regions (10–40%) [35,36] of the curves for the Pd/PDMS
ilayer with exception of bending characteristics indicated with
mall hump below 10% strain. A comparison of the Young’s mod-
li implies that the maximum stress experienced in the Pd/PDMS
pecimen with a high tensile velocity during the loading/unloading

ycles (Fig. 3B(b)) was much higher than that in the bare PDMS
Fig. S4B). Thus, the elastic modulus and stored strain energy in
he Pd/PDMS specimen increase proportionally with the tensile
re generated in the x and y directions; and (b) connected edges of broken Pd pieces
ponse of the nanocrack patterned device to H2 versus time in an air carrier at room

velocity. This is certainly caused by the mechanical properties of
materials; the much thinner Pd metal film (10 nm)  and the thick
elastomeric PDMS layer (0.6–0.75 mm).

Fig. 4 shows how the H2 sensing properties across the nanoc-
racks evolve as a function of different tensile velocities. To measure
the H2 sensing capability of nanocracked Pd films on PDMS  (Fig. 4A),
the following procedure, which is based on our previous study,
was used [29]: (i) the Pd thin film on the PDMS substrate was
stretched and compressed (100% for each) for 20 cycles using UHV
DC sputtering; (ii) the nanocracks were intentionally generated and

became deeper and larger in the x and y directions as the applied
tensile velocity increased; (iii) the nanocracked Pd film on PDMS
was exposed to hydrogen, leading to a large volume expansion of
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d with an additional phase transition from the � phase to the �
hase, resulting in the formation of palladium hydride; (iv) finally,
welled Pd films were connected with the edges of broken Pd films,
nd a saturated current was obtained using an applied voltage. The
mplitude of the current is related to the H2 concentration, as is
he adjacent current level for H2 concentrations between 20,000
nd 50,000 ppm [37,38]. The H2 sensing devices’ capabilities—the
2 detection limit and representative electrical resistance versus

ime—were tested for exposure to H2 gas in air in the range of
00–20,000 ppm, a realistic range for practical applications. The
ensor works a good on–off mode over the entire H2 concentration
ange, as shown in Fig. 4B. At 2% H2 in air, the average response
defined as the time to reach 90% from 10% of the maximum elec-
rical resistance) and recovery (defined as the time to reach 10%
rom 90% of the baseline resistance) times for the sensors fabricated

ith three tensile velocities (100, 400, and 800 �m/s) less than 1 s
29,30,32] In principle, when the sensors are exposed to H2 in air, O2

olecules react with the Pd film to form chemisorbed O atoms. The
esult of the H2 adsorption on the Pd surface leads to the formation
f both Pd–H and H2O based on the following reactions [39]:

d–O + 3/2H2(ads) → Pd–H + H2O(ads) (1)

2O(ads) → H2O(g) (2)

Hence, the rate of the Pd–H formation significantly diminished
n air as compared to rate in H2. An overview of the results shows
hat the sample prepared using a higher tensile velocity resulted in

 relatively low detection limit of 500 ppm of H2 in air compared to
he samples prepared at a low tensile velocity. This is a substantial
eduction compared to the detection limit of 12,000 ppm of Pd-
lm-based nanogap sensor with the wide nanogap (e.g., ∼420 nm)

n air [32]. Especially, the value is superior to 6000 ppm of the
d-PMMA hybrid nanogap sensors (Pd film sandwiched between
MMA layers) attributed to an easy H2 permeation through the
MMA layers [32]. This is primarily due to many narrow nanocracks
ormed in the Pd film, which rapidly combine owing to the volume
xpansion of Pd when exposed to hydrogen. Thus, the sensor with

 higher density of narrow nanocracks (e.g., 54 and 92 nm along
he x and y axes, respectively, Fig. 1D) leads to a dramatically lower
etection limit of 500 ppm H2 in air. This lower detection limit is
trongly derived from the geometrical modification of the nanoc-
acks with variable tensile velocities over the entire Pd film, which
s expected, given that it leads to enhanced sensing properties.

. Conclusions

We  demonstrated a newly tuned nanocrack patterning tech-
ique by applying kinetic control using various tensile velocities in

 Pd metal film on PDMS for H2 sensor operating at the wide range of
etection limit of 500–20,000 ppm in the air. The microstructural
nalysis using SEM and AFM gives a valuable information about
hat the density and average width of nanocracks. The crack den-
ity grown along the x and y direction of the specimens is strongly
ffected by the tensile velocity. However, the average crack width is
lmost constant with the size of 55–100 nm.  A notable feature was
ound: the significantly enhanced H2 sensing properties with low
etection limit of 500 ppm in air is surely provided from the higher
rack density with a narrow nanocrack width of 55–100 nm.  Such
unable nanocrack formation provides many new areas of research
n flexible electronics and sensor applications.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.snb.2016.02.093.
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