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The influence of thermal exposure on sensing properties of H, sensor based on Pd MOTIFE (highly
mobile palladium thin films on an elastomer) was investigated. This sensor was fabricated on a
Poly(dimethylsiloxane) (PDMS) substrate and its Pd nanogaps were obtained through mechanical stretch-
ing and H; exposure. When the substrates were annealed at 80-200 °C, wrinkles were formed to release
the stress due to the mismatch of the thermal expansion coefficients between the PDMS layer and the
Pd film. The wrinkling wavelength and the compressive stress of the Pd/PDMS layers were estimated

Ilfzﬁ‘:;iﬁsr; (Pd) using simple equations as a function of the annealing temperature. The width of the Pd nanogaps of the
Nanogap annealed samples was measured using SEM analysis. Higher annealing temperatures led to a decrease in

the wrinkling wavelength and an increase in the width of the Pd nanogap. This was attributed to increases
in the individual variation of the compressive stress and strain between PDMS and the Pd/PDMS layers.
The enlarged Pd nanogap contributed to a decrease in the performance of the sensor. Nevertheless, the
Pd sensor exhibited perfectly on-off operation with a response time of less than 1s when annealed at
temperatures up to 100°C.
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1. Introduction

Hydrogen (H;), a colorless, odorless, and tasteless gas, has
attracted significant attention as a clean alternative energy source
[1]. It occupies 75% of the mass of the universe and produces only
water and no harmful by-products by combustion [2]. However,
hydrogen involves high risks such as high flammability (4-75.6%
in oxygen/air), large diffusion coefficient (0.61 cm?/s), low ignition
energy (0.02m]J) and large flame propagation velocity [3]. There-
fore, rapid and accurate H, detection is of practical importance in
various fields. As a result, the development of accurate H, sensors
is essential to secure its safety [4]. To date, H;, gas sensors have been
mainly developed using various materials including metals [5],
semiconductor oxides [6], nanocarbons [7], and conducting poly-
mers. [8] Among them, palladium (Pd) has been extensively applied
due to its unique ability to absorb/desorb molecular Hy [9-13]. On
exposure to H,, Pd is converted to the Pd-H hydride through H,
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absorption, accompanied by a-[3 phase transition [14,15]. It causes
the expansion of its volume to up to 900 times, resulting in the
variation of its electrical resistance in accordance with the H, con-
centration [16].

In a previous study, we developed hydrogen sensors composed
of Pd-based MOTIFE (highly mobile palladium thin films on an
elastomer) [17-21], which was the lithography-free nanogap sen-
sor using reversible swelling of the multiple cracked Pd films. The
nanogaps were produced through the crack propagation on an elas-
tomeric substrate. This sensor operates as a perfect on-off mode
through to H, absorption/desorption by lattice expansion or con-
traction of Pd layer. Moreover, it exhibits advantages including
simplicity of fabrication, low cost, and high performance (e.g., low
detection limit and fast response time). However, considering that
the elastomeric substrate can undergo thermal deterioration at
high temperatures, the stability of these sensors towards tempera-
ture is required to assess the possibility of commercial applications.

In this study, we have demonstrated the influence of thermal
exposure of the Pd based MOTIFE H, sensor for the first time
by annealing at temperatures up to 200°C. The Pd based MOTIFE
sensors were fabricated using a simple mechanical stretching pro-
cess and then annealed at 70-200°C after identifying the on-off
response at room temperature. The H, sensing performance of the
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annealed samples was tested and their Pd nanogap widths were
measured as a function of the annealing temperature. Moreover,
their buckling wavelengths and the stress at various temperatures
were also estimated using simple equations. Based on these results,
we suggest the mechanism of formation of enlarged Pd nanogaps
with increase in annealing temperature.

2. Experimental details
2.1. Preparation of the Pd MOTIFE H, sensors

The MOTIFE nanogap was fabricated by a previously pub-
lished method [17]. In brief; a PDMS elastomeric substrate
(20mm x 10mm x 0.75 mm) was prepared. The PDMS monomer
(Sylgard 184, Dow Corning Corp.) was mixed with a curing agent in
the weight ratio 10:1 and then cured at 75°C for 4 h on a hot plate.
A 10nm thin Pd layer was deposited on the PDMS substrate by
ultrahigh vacuum (UHV) DC magnetron sputtering under 34 sccm
of Ar flow. To form the nanogaps on the Pd layer, the specimen
was mechanically stretched to up to 50% elongation using stretch-
ing equipment built in-house. To study the effect of the annealing
temperature on the Pd nanogap, the stretched samples were heat
treated for 1h at various temperatures using a hot plate. Their
sensing properties were measured after keeping for 6 h at room
temperature.

2.2. Characterization

The surface morphology of the MOTIFE nanogap sensor was
observed using field-emission scanning electron microscopy (FE-
SEM; JSM-6701F, JEOL Ltd. Japan) and atomic force microscopy
(AFM; JPK Inst., Nanowizard I). Phase analysis of the sensor was
carried out using High Resolution X-ray diffractometer (HR-XRD;
SmartLab, Rigaku). The electrical measurements of the H, sensing
properties were carried out using a Keithley 236 current source
measurement unit (Keithley Instruments, Inc., Ohio, USA) and a
gas sensing system consisting of a furnace (Korea Vacuum Tech.,
Korea; 250 mL), a mass flow controller (MFC), and gas cylinders of
the target gas (H,) and base gas (N;). The samples were placed in
the furnace using a printed circuit board (PCB). N, gas was used for
venting the chamber. All experiments were repeatedly performed
using four samples at room temperature.

3. Results and discussion

Fig. 1 shows the schematic of the fabrication of the Pd-based
MOTIFE sensors and the SEM images of the sample surface mor-
phology corresponding to each step. The deposited Pd thin films
exhibited very uniform and smooth surfaces (Fig. 1a). Verti-
cally aligned nanocracks were initiated on the surface of the
Pd films deposited because of the mechanical stretching, which
appeared at intervals of about 15 wm. After repeated cycles of
exposure to Hy/N,, the nanocracks were converted to more sta-
ble nanogaps (Fig. 1b). These nanogaps resulted from the volume
expansion/contraction of Pd by H, absorption and desorption,
which is a unique behavior of elastomeric substrates [17]. As a
result of the heat treatment, the Pd film on the PDMS substrate
buckled into sinusoidal waves vertically against the nanogap, as
shown in Fig. 1(c). It is well known that PDMS and Pd thin films
experience thermal expansion during heat treatment and then
shrink to their initial dimensions while undergoing cooling to
room temperature, resulting in compressive stresses in the film
[22-25]. The wrinkles originate from a mismatch of the thermal
expansion coefficients between the Pd film (11.8 x 10-6/°C) and the

Table 1
The constants of thermal expansion coefficient for palladium metal.

Metal a; x10°6
Palladium 12.10 2.000

a; x 1079 Temperature range, °C

20-900

PDMS polymer layer (310 x 10-6/°C). The buckling occurs because
of stress release from the surface of the Pd film.

The wrinkling wavelength (1) is theoretically predicted by Eq.
(1) [26].

oy 3 = 1
>\=4.36t(M) %4.4t(b:—m)3 (1)
Ep (1-v2) Ep

The subscripts m and p refer to the metal (Pd) and the polymer
(PDMS), t (m) is the thickness of the Pd film, E (GPa) is the Young’s
modulus (or elastic modulus), E = E/ (1 — v2) is the plane-strain
modulus, and v (dimensionless) is the Poisson’s ratio (v = 0.39 for
Pd and vp =0.5 for PDMS). Ery and Ep, for Pd and PDMS are obtained
by Eq. (2)-(3), respectively [27,29].

Em = 3Kr (1 —2v) (2)
3
Ep= §’<B~T'Pk (3)

Here, K7 is the bulk modulus; kg is the Boltzmann constant, T is the
temperature, and py is the degree of crosslinking density. In the lit-
erature, the elastic modulus for PDMS (Sylgard 184) is 1.75MPa
at room temperature and the degree of crosslinking density is
4.93 x 1026 m~3 under the 10:1 condition [28]. The bulk modulus
Kt is expressed by Eq. (4) as a function of temperature and this
relationships process is explained detail in Supporting information.

(4)

Kr = Kr, (M)

a, +2a,T

Where, K7¢ is 180 GPa for Pd, which is the value of bulk modulus at
To; a; and a; are thermal expansion constants, which values for Pd
are summarized in Table 1. So, E;;; is determined by substituting Eq.
(4)in Eq. (2). As a result, the wrinkling wavelength of the Pd/PDMS
layer was estimated by substituting Eqs. (2)-(3) in Eq. (1).

For a certain annealing temperature, the parameters includ-
ing the thermal stress of PDMS (oppys), maximum contraction
force (Fppys), and maximum shear stress at the Pd-PDMS interface
(opg-ppms ) by the cooling are calculated [28], and their values at var-
ious temperatures were listed in Table 2. As shown in Table 2, the
elastic modulus of PDMS increases with increase in temperature,
and the elasticity is considered as an entropic effect [29]. The val-
ues of a and E;,; decrease with increase in temperature. In summary,
higher annealing temperatures led to a decrease in the wavelength
of the wrinkles and A was theoretically about 1.4-1.6 pum (Table 2).
It was supported by the AFM analysis (Fig. 2). From this result, the
wrinkle wavelengths showed also a tendency to decrease as anneal-
ing temperature increased even though they were not accurately
corresponded to the calculated values.

The value of A determines the critical or minimum strain (&)
necessary for the buckling to occur. The critical strain (&) is
expressed in Eq. (5) [25].

g = 0.25(3_EP) (5)

m

By substituting Eq. (5) in Eq. (1),

1
\= Wt\/; (6)
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Fig. 1. Schematic representing the fabrication of Pd nanogap sensors on an elastomeric substrate along with the SEM images, respectively. (a) Deposition of the Pd thin film
on PDMS and (b) nanogap formation after mechanical stretching and H, cycling. (c) Buckling of ordered Pd surface with nanogaps on the PDMS after thermal treatment.

Table 2

The estimated values of the correlation parameters according to annealing temperature.
Temp. (°C) Palladium PDMS Pd/PDMS

ax 107> (chl) Kr (GPa) Em (GP&) Ep (MPa) OpPDMS (MPB) Fepms (N) A (pm) Opd-PDMS (kPa)

80 1.245 176.184 116.281 2.108 0.0392 0.2941 1.608 2.941
90 1.250 175.563 115.872 2.167 0.0470 0.3527 1.591 3.527
100 1.254 174.947 115.465 2.227 0.0552 0.4242 1.575 4142
110 1.258 174.336 115.062 2.287 0.0638 0.4786 1.559 4.786
120 1.263 173.728 114.661 2.346 0.0727 0.5454 1.544 5.454
150 1.276 171.931 113.474 2.526 0.1018 0.7635 1.501 7.635
200 1.298 169.017 111.551 2.824 0.1576 1.1818 1.438 11.818

Hence, X is inversely proportional to the square root of the critical
strain and hence, shorter wavelength originates from higher strain.
Moreover, it might affect the size of the Pd nanogap.

Toinvestigate the effect of the annealing temperature on the size
of the Pd nanogap, six randomly chosen spots were evaluated on
each sample at different temperatures by SEM analysis. The width
of the Pd nanogap for each annealing temperature was evaluated
by the average value obtained from six spots. As shown in Fig. 3, the
width of the Pd nanogap increased linearly with an increase in the
annealing temperature, and the mechanism is discussed in detail
in Fig. 5.

Fig. 4 shows the H; sensing properties of the Pd-based MOTIFE
sensors subjected to heat treatment at different temperatures
(25-200°C). The sample at 25°C was a control sample (Fig. 4(a)).
In this sample, the first exposure to 10% H, led to the formation
of Pd nanogaps through the volumetric swelling/contraction of Pd.

Then the on-off response was tested at various H, concentrations
and the detection limit of the sensor was 0.3%. At annealing tem-
peratures up to 70°C, the samples exhibited the similar sensing
current level with the control sample (data not shown). In case of
the sample at 80°C, the current showed the similar value at high
concentrations (more than 1% H, ), but decreased drastically at low
concentrations (below 1% H,). Moreover, the samples annealed at
temperatures above 80 °Cexhibited lower current levels and higher
detection limits in all H; concentration range. [t might be attributed
to thermal denaturalization of elastomer substrate. In other words,
the surface buckling on the Pd/PDMS films developed at annealing
temperatures more than 80 °C. This result was observed in Fig. 2(c).
The sample annealed at 200 °C showed seldom a response in the
overall concentration range (Fig. 4(c)). It was regarded that the elec-
tric current does not flow because the width of the Pd nanogap is
large enough to disconnect the Pd layer. The nanogap width is an
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Fig. 2. (a) Surface morphological AFM image of PDMS/Pd sensor annealed at 200 °C and (b) its 3D image. (c¢) Wrinkle wavelength analysis of Pd nanogap sensor surface with

variant annealing temperature condition.
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Fig. 3. Temperature dependence of the nanogap length along with the SEM images
of the surface of Pd nanogaps. The red line indicates the error. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

important factor in the sensing performance of the Pd-based H,
sensor [16]. As a result, the smaller width of the Pd nanogap leads
to the enhanced sensing performance. The sensor response of the
samples annealed at 100°C is shown in Fig. 4(d). All the samples,
except the ones annealed above 150°C (data not shown), showed

this trend. These results indicate a response time of less than 1 s for
all concentrations. Generally, the response time is defined as the
time to reach 90% of the total change in the electrical resistance at
a certain concentration.

Fig. 5 shows the schematic illustration of the formation mech-
anism of enlarged Pd nanogaps at high annealing temperatures.
The enlarged Pd nanogaps might result from increases in the indi-
vidual variation in the compressive stress and the strain between
PDMS and Pd/PDMS layers with increase in the annealing temper-
ature (Table 2). The stress and strain in Pd/PDMS is confirmed by
the XRD patterns with different annealing temperature as shown in
Fig. 6. The typical Pd peak (111) was observed at pristine Pd/PDMS
films (blackline), which is not preceding hydrogen uptake. The peak
for Pd phase is quite broad because of extremely thin thickness of
Pd layer on elastomer substrate. The 20 values of the Pd peak are
gradually shifted to lower values with increase in the annealing
temperature, showing the slight increase in the lattice constant of
Pd due to relaxation of the stresses from the annealing process.
We considered the compressive surface stresses (ox and oy) in two
directions, which as denoted as o ppms and oy ppms for the PDMS
layer and as o pg-ppms and oy pa-ppms for the Pd/PDMS layer, respec-
tively [22]. With increase in the annealing temperature, the value
of Aoy increases because the compressive stresses may mainly
applied to X-axis in the PDMS layer and to Y-axis in the PDMS/Pd
layer ( Aox = ox ppms — O‘X’pd_pDMs) ,as shown in Fig. 5(a). In case
of a flat film, there is no preferred orientation for the wrinkles
because the stress of the film has equi-biaxial state. When nanogaps
are present, however, the stress in the film will be influenced by
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Fig. 4. (a) Real-time electrical responses of the Pd nanogap sensors at room temperature in N, and (b) its temperature dependent responses from 80 to 200 °C along with (c)
the magnified base current responses. The curves are incrementally shifted upward by 60 nA for the clarity. (d) Sensor response versus time plot of the Pd nanogap sensors

at 100°C in 10% H,. (The time interval is 1s).

Fig.5. (a) Schematic representation of the mechanism of Pd buckling on PDMS and the related compressive stresses in the X and Y axes along with the (b) nanogap broadening.

a strong orientation in the vicinity of the nanogaps (o ppms and
oy ppMs), With principal compressive stress direction (Ao and o).
Therefore, the sinusoidal wrinkles are aligned perpendicular to the
nanogap direction [30]. In addition, the strain in the PDMS layer
is much higher than the critical strain in the Pd/PDMS layer. Thus,
the width of the Pd nanogap increased with the increase in the
annealing temperature up to Aoy =0 (Fig. 5(b)). The H, sensing

performances were significantly affected by the width of the Pd
nanogap.

Real time electrical response of Pd MOTIFE sensors, which
annealed at various temperatures (90-150°C) are measured with
repeating cycles of H,, respectively (Fig. 7). Each sensor showed
similar saturated current level like Fig. 4(b) and consistent current
response in identical Hy concentration. Even though the perfor-
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Fig. 6. The XRD patterns of the Pd nanogap sensors with different annealing tem-
perature.

600 | ——90°C
——100°C
a m m n —120°C
— —150°C
< 400t
=
c
Q
=
5 200 ﬂ
(&)
INARARANAY
0 150 300 450 600 750

Time (s)

Fig. 7. Reproducibility tests of the real-time electrical responses of the annealed Pd
nanogap sensors in 10% Ha.

mance of the sensor is debased due to thermal denaturalization of
elastomer substrate, stable response was repeated without signif-
icant change of signal.

4. Conclusion

We investigated the influence of annealing temperature on the
H, sensing performance of Pd based MOTIFE sensors. These sensors
were fabricated on an elastomeric substrate by depositing Pd thin
films. On the surface of the Pd/PDMS layer, nanocracks were initi-
ated with intervals of about 15 um by the application of mechanical
stretching to up to 50% elongation, and converted to more stable
nanogaps through exposure to H,. During the annealing, the wrin-
kles were caused vertically against the nanogaps on the surface of
the Pd/PDMS layer torelease the stress resulting from a mismatch of
thermal the expansion coefficients between the PDMS layer and the
Pd film. With increase in the annealing temperature, the wrinkling
wavelength decreased and the Pd nanogap width increased because
of increases in the variations in the compressive stress and strain
between PDMS and the Pd/PDMS layers. The enlarged Pd nanogap
resulted in a decrease in the H; sensing performance. Nevertheless,
the Pd-based MOTIFE sensor exhibited perfect on-off responses and
fast response times (<1s) when annealed at temperatures up to
100°C.
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