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ABSTRACT: Metal thin ﬁlm electrodes on ﬂexible polymer
substrates are inherently unstable against humidity and
mechanical stresses because of their poor adhesion properties.
We introduce a novel approach for improving the adhesion
characteristics of metal−polymer interface based on the
nanostructuring of the polymer substrate by using nanoimprint
lithography. The adhesion characteristics of metal−polymer
interface were measured by accelerated test, cyclic bending test
and double cantilever beam (DCB) test. The interface of Au/
Ti dual layer thin ﬁlm and nanoimprinted PMMA substrate
shows over 2.03 and 1.95 times higher adhesion energy (Gc) than that of Au/Ti dual layer thin ﬁlm and plane PMMA substrate
in air and wet environments, respectively. The adhesion energy between metal thin ﬁlm and polymer substrate was dramatically
improved by the increased surface roughness and mechanical interlocking eﬀect of numerous nanoscale anchors at the edges of
nanoimprinted surface, which was veriﬁed by both experiment and numerical analysis.
KEYWORDS: surface adhesion, nanotextured substrate, nanoimprint lithography, metal−polymer interface, ﬂexible substrate
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INTRODUCTION
Recently, various ﬂexible electronic devices such as ﬂexible
sensors,1−3 solar cells,4 batteries,5 and displays6 are being
actively developed. Accordingly, conductive electrodes based
on metal thin ﬁlms,7,8 silver nanowires (AgNWs),9,10 carbon
nanotubes (CNTs),11 and graphene12,13 are being widely used
in ﬂexible electronic devices. Among these materials, metal thin
ﬁlms fabricated by printing or vacuum deposition processes are
still more common due to their simplicity, high electrical
conductivity and easy patterning methods.7,8 However,
electrical and mechanical failures often occur at the interface
between metal thin ﬁlm and ﬂexible polymer substrate14,15
under external stresses such as repeated bending or stretching.
Moreover, metal thin ﬁlms can be easily delaminated in wet
environments because of the moisture-assisted adhesion
weakening.16−18 This becomes a signiﬁcant problem during
the liquid-phase synthesis of functional materials, solutionphase coating on the electrodes, or device operation in wet
environments. Moreover, mechanical failure of conductive
electrodes can be signiﬁcant in wearable devices exposed to
chemically reactive conditions (e.g., human sweat, breath, and
external humidity).19,20 Therefore, the enhancement of the
adhesion energy between metal thin ﬁlm and polymer
substrates is essential to facilitate the ﬂexible and stretchable
microelectronic devices with high mechanical robustness.
© 2015 American Chemical Society

To overcome the weak interfacial adhesion between metal
thin ﬁlm and polymer substrates, researchers have previously
investiagted various methods. For instance, O 2 plasma
treatment was found to provide higher interfacial adhesion
between metal thin ﬁlm and polymer substrate as compared to
bare polymer substrate. The reasons include increased chemical
binding energy,21,22 cross-linked surface produced by the
recombination of polymer radicals21 and larger contact area
with increased surface roughness.23 Titanium (Ti) or
chromium (Cr) thin ﬁlm also has been used as an adhesive
interlayer between metal and polymer substrate since they
provide higher chemical bonding energy.24−26 However, the
adhesion of the metal−polymer interface assisted by these
methods is still insuﬃcient to prevent the mechanical failure of
metal thin ﬁlms in real-life applications of various ﬂexible
electronic devices.14
Herein, we propose a novel approach to dramatically
improve the interfacial adhesion between metal thin ﬁlm and
polymer substrate by using periodic nanotextures of polymer
substrates via nanoimprint lithography. Nanoimprinted substrate provides not only larger surface area and roughness but
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Scheme 1. Enhancement of Surface Adhesion of Metal Thin Films on Polymer Substrate by Nanotexturing of Substrate via
Nanoimprint Lithography: (a) Formation of Nanoline Array Pattern on Polymer Substrate by Nanoimprint Lithography, (b)
Deposition of Metal Thin Film on the Nanoimprinted Polymer Substrate by Evaporation Process, (c) Illustration of Enhanced
Adhesion of Metal Thin Film on Nanoimprinted Polymer Substrate (Inset: Schematic of Mechanical Interlocking Eﬀect by
Nanoscale Anchors)

also mechanical interlocking with metal thin ﬁlm. Speciﬁcally,
an enhanced adhesion characteristics of the metal−polymer
interface is obtained by fabricating the nanoimprinted
structures on the polymer surface (Scheme 1). The nanoimprinted polymer substrate presents an increased surface
roughness with rectangular wave patterns throughout the entire
substrate, which provide highly increased contact area for the
deposited metal thin ﬁlm, which enhance the mechanical
interlocking between the metal thin ﬁlm and substrate. This
contributes to the improved mechanical durability of the
ﬂexible devices by preventing the mechanical failure of metal
thin ﬁlms from harsh operating conditions such as repeated
bending and high moisture.

■

substrate, and therefore the process condition can aﬀect the durability
of deposited metal thin ﬁlm.27,28 However, since we used the same
evaporation condition (evaporation rate = 10 Å/s) with cooling
system (PMMA substrates are attached on the cooling plate), we will
focus only on the eﬀect of substrate geometry in this work.
Surface and Mechanical Characterization. The surface
morphologies and cross-sectional images of the samples were
investigated by using a scanning electron microscope (SEM,
XL30SFEG, Philips Corporation) and scanning probe microscope
(SPM, XE-100, Park Systems). In order to evaluate the interfacial
adhesion characteristics between metal thin ﬁlm and polymer
substrate, accelerated life test (in 80 °C deionized (DI) water for 4
h) and cyclic bending test (10 000 bending/relaxation cycles from a
ﬂat state (ρ = ∞) to a bent state (ρ = 1 cm) in ambient air condition
were carried out. The change of sheet resistance was measured by four
probe measurement system (FPP-2400, Dasol Engineering).
The adhesion energy between the metal thin ﬁlm and various types
of PMMA substrates (i.e., bare, O2 plasma-treated and nanoimprinted)
was measured by double cantilever beam (DCB) tests29,30 in air or
water bath at room temperature. In this work, accelerated tests, cyclic
bending tests and double cantilever beam (DCB) tests were conducted
in air or water to investigate the adhesion properties of metal−polymer
interfaces. It should be noted that the observations in air or water
would not be valid for some of the polymer−metal interfaces where
harsh environmental conditions such as corrosion would play a major
role. However, our investigation will be meaningful for many
applications in which conductive electrodes are directly exposed to
the air or immersed in water with low ionic concentrations.

EXPERIMENTAL SECTION

Fabrication of Metal Thin Films on Bare and Nanoimprinted
Polymer Substrates. We have used the interface between gold (Au)
thin ﬁlm and poly(methyl methacrylate) (PMMA) substrate as the
model system to demonstrate our idea. A commercial PMMA ﬁlm
(SKYSUN Corp.) was thermally imprinted with a nanoimprinting
mold composed of periodic line array patterns (line width = 200 nm
and pitch = 400 nm) under a pressure of 30 bar at 150 °C for 5 min.
After the sample was cooled down to room temperature (25 °C) and
mold was detached, two types of metal thin ﬁlms were deposited for
the experimental tests: Au single layer thin ﬁlm (200 nm thick Au
layer) and Au/Ti dual layer thin ﬁlm (200 nm/20 nm thick Au/Ti
ﬁlms) were deposited on the nanoimprinted substrate by using
thermal evaporation. Au/Ti dual layer thin ﬁlm was also fabricated on
bare PMMA substrate and O2 plasma-treated PMMA substrate by
thermal evaporation for comparison with the nanoimprinted PMMA
substrate. The O2 plasma-treated PMMA ﬁlm was formed by O2
plasma process (100 W, 30 min) with O2 plasma treatment system
(Femto Science Inc., Cute model). It has been previously researched
that the physical vapor deposition of metal thin ﬁlm can cause the
embedding of atoms or the change of surface properties of polymer

■

RESULTS AND DISCUSSION
Figure 1a.1−c.1 shows the surface morphologies of bare
PMMA substrate, O2 plasma-treated PMMA substrate and
nanoimprinted PMMA substrate, respectively, characterized by
an atomic force microscopy (AFM). The root-mean-square
surface roughness (Rq), peak-to-valley roughness (Rpv), and
25172
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Figure 1. Surface morphologies of samples by scanning probe microscopy: (a.1) bare PMMA substrate, (b.1) O2 plasma-treated PMMA substrate,
and (c.1) nanoimprinted PMMA substrate; Au(200 nm) thin ﬁlm deposited on (a.2) bare PMMA, (b.2) O2 plasma-treated PMMA, and (c.2)
nanoimprinted PMMA substrates, respectively; Au (200 nm)/Ti (20 nm) dual layer thin ﬁlm deposited on (a.3) bare PMMA, (b.3) O2 plasmatreated PMMA, and (c.3) nanoimprinted PMMA substrates, respectively.

patterns were fabricated on the substrate. After the deposition
of metal thin ﬁlm (Au or Au/Ti) by the thermal evaporation on
each sample, the surfaces of samples were maintained with
similar morphologies because of uniform and directional
deposition during the thermal evaporation process (Figure
1c.1−c.3).
The mechanical robustness of metal thin ﬁlm on diﬀerent
substrates was ﬁrst evaluated by observing the surface
morphologies and measuring the sheet resistances of metal
thin ﬁlms after the accelerated test (in 80 °C DI water for 4 h)
and cyclic bending test (10,000 cycles with curvature radius (ρ)
of 1 cm), as shown in Figures 2, 3, and 4. The optical images of
Au and Au/Ti thin ﬁlms deposited on bare PMMA substrate,
O2 plasma-treated PMMA substrate and nanoimprinted PMMA
substrate after the accelerated test are shown in Figure 2a-2, b2, c-2, and d-2 (Au single-layer thin ﬁlm) and Figure 3a-2, b-2,
c-2, and d-2 (Au/Ti dual layer thin ﬁlm), respectively. Both Au
and Au/Ti thin ﬁlms on bare PMMA substrate and O2 plasmatreated PMMA substrate show some bubble shaped islands by
the delamination of metal thin ﬁlms from the polymer substrate
due to the moisture-assisted crack growth at metal−polymer
interface.16 (Figures 2a-b.2 and 3a-b.2). On the contrary, both
Au ﬁlm and Au/Ti ﬁlm on nanoimprinted substrate maintained
their surface morphologies without deformation or delamination after acceleration test due to the strong adhesion

average roughness (Ra) values for all samples are summarized in
Table 1. The bare PMMA substrate shows a smooth surface
Table 1. Surface Roughness of Bare PMMA, O2 PlasmaTreated PMMA and Nanoimprinted PMMA Substrates
Measured by Scanning Probe Microscopy (Rq = root mean
square roughness, Rpv = peak-to-valley, roughness and Ra =
average roughness)
surface roughness (units)

Rq (nm)

Rpv (nm)

Ra (nm)

bare PMMA substrate
O2 plasma-treated PMMA substrate
nanoimprinted PMMA substrate

5.7
13.0
15.8

50.8
102.6
131.1

4.2
9.9
11.1

with Rq = 5.7 nm, Rpv = 50.8 nm, and Ra = 4.2 nm. After the O2
plasma treatment, the surface roughness of PMMA substrate
increased to Rq = 13.0 nm, Rpv = 102.6 nm, and Ra = 9.9 nm,
respectively. The surface roughening can be attributed to the
degradation of PMMA chains by O2 plasma treatment.31,32 The
nanoimprinted PMMA substrate shows a periodic line array of
rectangular wave patterns with width = 197.4 nm, pitch = 406.2
nm, and height = 131.1 nm, and measured roughness are Rq =
15.8 nm, Rpv = 131.1 nm. The height of nanoimprinted pattern
is lower than that of nanoimprint stamp (∼200 nm) because of
insuﬃcient pressure and process time (30 bar, 5 min).
However, uniform and periodic nanolines of rectangular
25173
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Figure 2. Optical images of surface of Au (200 nm) thin ﬁlm on (a.1) bare PMMA, (b.1) O2 plasma-treated PMMA, and (c.1, d.1) nanoimprinted
PMMA substrates after thin ﬁlm deposition and after (a.2−d.2) accelerated test and (a.3−d.3) bending test.

Figure 3. Optical images of surface of Au (200 nm)/Ti(20 nm) dual layer thin ﬁlm on (a.1) bare PMMA, (b.1) O2 plasma-treated PMMA, and (c.1,
d.1) nanoimprinted PMMA substrates after thin ﬁlm deposition and after (a.2−d.2) accelerated test and (a.3−d.3) bending test.

characteristics of the interface between metal thin ﬁlm and
nanoimprinted polymer substrate (Figures 2c-2 and 3c-2).
During cyclic bending test of the Au and Au/Ti thin ﬁlms
deposited on PMMA substrate, it appears that cracks were able

to initiate either at the upper surface by tensile stress or at the
thin ﬁlm−substrate interface with tensile and shear stress state.
After the cyclic bending test, Au thin ﬁlms on a bare PMMA
substrate and on a O2 plasma-treated PMMA substrate show a
25174

DOI: 10.1021/acsami.5b06631
ACS Appl. Mater. Interfaces 2015, 7, 25171−25179

Research Article

ACS Applied Materials & Interfaces

Figure 4. Relative changes of sheet resistances of metal thin ﬁlms by accelerated and cyclic bending tests: (a) Au (200 nm) thin ﬁlm on bare PMMA,
O2 plasma-treated PMMA and nanoimprinted PMMA substrates; (b) Au (200 nm)/Ti (20 nm) dual layer thin ﬁlm on bare PMMA, O2 plasmatreated PMMA, and nanoimprinted PMMA substrates before and after accelerated test and cyclic bending test.

large number of microcracks (average length: 52.4 (±14.7) μm
and 62.2 (±25.7) μm, respectively). In contrast, the Au thin
ﬁlm on nanoimprinted PMMA substrate exhibits much higher
mechanical robustness against cyclic bending. When it was bent
in parallel with the direction of line pattern (i.e., axis of bending
curvature in perpendicular direction to the line array), smaller
cracks (average length: 18.8 (±6.1) μm) than those on the bare
PMMA and O2 plasma-treated PMMA substrate were formed
(Figure 2a-3, b-3, c-3). The Au/Ti dual layer ﬁlms on the bare
PMMA and O2 plasma-treated PMMA substrates also show a
large number of microcracks (average length: 59.67(±16.62)
and 63.22(±18.80) μm, respectively), whereas those on the
nanoimprinted PMMA substrate bended in the longitudinal
direction to the line pattern (i.e., axis of bending curvature in
perpendicular direction to the line array) show much smaller
cracks (average length: 15.35 (±5.77) μm) (see Figure 3a-3, b3, c-3). Furthermore, almost no cracks were generated in both
Au single layer and Au/Ti dual layer thin ﬁlms on
nanoimprinted PMMA substrate that were bent in the
transverse direction to the line-pattern (i.e., axis of bending
curvature in parallel with the line array) (see Figures 2d-3 and
3d-3) due to the larger interlocking eﬀect at the edges of linepatterns to bending in the transverse direction than bending in
the longitudinal direction. Because it is more diﬃcult for the
metal thin ﬁlm to slide in the perpendicular direction to the line
array of nanotextured surface, the crack propagation can be
better hindered along this direction.
The sheet resistances of Au (200 nm) ﬁlms on a bare PMMA
substrate, O2 plasma-treated PMMA substrate and nanoimprinted PMMA substrate were 122.66 (±1.66), 137.50
(±2.49), and 218.10 (±6.17) mΩ/sq (Figure 4a), respectively,
and the sheet resistances of Au(200 nm)/Ti(20 nm) ﬁlms on a
bare PMMA substrate, O2 plasma-treated PMMA substrate, and
nanoimprinted PMMA substrate were 117.17 (±1.65), 125.66
(±2.44), and 229.20 (±5.83) mΩ/sq, respectively (Figure 4b).
The initial sheet resistances of Au and Au/Ti thin ﬁlms
deposited on nanoimprinted PMMA substrate are higher than
other samples because the metal thin ﬁlms on some parts of the

nanoimprinted surfaces (e.g., side walls or lower corners) are
thinner than those on the horizontal surfaces because of the
directional deposition of metal thin ﬁlm during thermal
evaporation process. After the accelerated test, the relative
changes of sheet resistances (Rs/Rs, initial) of Au (200 nm)
single-layer thin ﬁlms on bare PMMA, O2 plasma-treated
PMMA, and nanoimprinted PMMA substrates were 1.05
(±0.04), 1.06 (±0.08), and 1.10 (±0.03). Also, the relative
changes of sheet resistances (Rs/Rs, initial) of Au(200 nm)/Ti(20
nm) dual-layer thin ﬁlms on bare PMMA, O2 plasma-treated
PMMA, and nanoimprinted PMMA substrates were 1.01
(±0.01), 1.00 (±0.02), and 0.98 (±0.03), respectively (Figure
4a). The changes of sheet resistances of metal thin ﬁlms are
insigniﬁcant after the accelerated test, which is not quite
consistent with the surface morphology changes observed in
Figures 2 and 3. The local delamination of metal thin ﬁlms on
bare PMMA and O2 plasma-treated PMMA substrates does not
signiﬁcantly change the electrical resistance of thin ﬁlms
because they are still connected to the thin ﬁlm and provide
pathways for the electrical current. Although this could be
insigniﬁcant in large-scale thin ﬁlms, microscale delamination
can lead to the complete failure of electrical interconnection in
metal microelectrodes with microscale widths. The cyclic
bending causes more severe degradation of electrical
conductance of the metal thin ﬁlms. After the cyclic bending
test, relative changes of sheet resistances (Rs/Rs, initial) of Au
thin ﬁlms on bare, O2 plasma-treated and nanoimprinted
PMMA substrates were 2.30 (±0.43), 1.88 (±0.09), and 1.43
(±0.09) (Figure 4a). The relative changes of sheet resistances
of Au/Ti dual layer ﬁlms on bare, O2 plasma-treated, and
nanoimprinted PMMA substrates were 1.51 (±0.18), 1.44
(±0.25), and 1.19 (±0.14), respectively (Figure 4b). As
mentioned above, the absolute sheet resistances of Au and
Au/Ti thin ﬁlms are lower on bare and O2 plasma-treated
PMMA substrates than on nanoimprinted PMMA substrate.
However, the relative change of sheet resistances of metal thin
ﬁlms on bare PMMA and O2 plasma-treated PMMA substrates
are much higher than that of metal thin ﬁlms on the
25175
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Figure 5. (a) Measured interfacial fracture energies of Au (200 nm)/Ti(20 nm) dual layer thin ﬁlms on the bare PMMA, O2 plasma-treated PMMA
and nanoimprinted PMMA substrates in air and water; (b) delaminated surfaces of Au/Ti thin ﬁlm on epoxy/Si substrate and delaminated surfaces
from epoxy/Si substrate after DCB test in water.

and 3c.3). Moreover, in the case of metal thin ﬁlms on
nanoimprinted PMMA substrate bent in the transverse
direction to the line pattern, the change of electrical resistance
is much smaller than other cases. This result is consistent with
the negligible microcracks on the metal thin ﬁlm for these
samples (Figures 2d.3 and 3d.3). These results prove that
nanotexturing the PMMA substrate by nanoimprinting can be
used for enhancing the adhesion of metal thin ﬁlms on ﬂexible
polymer substrates to resist against harsh environments such as
high temperature, moisture, and repeated bending.
To quantify the adhesion characteristics of the interface
between metal thin ﬁlm and polymer substrate, we measured
interfacial adhesion energy (Gc) by the double cantilever beam
(DCB) fracture mechanics test in air and water environments
(details of the experimental procedure are explained in the
Supporting Information). The DCB specimens were prepared
by sandwiching the metal thin ﬁlm/PMMA layer between
polycarbonate (PC) substrates using an epoxy glue as shown in
Figure S1a. The graph in Figure 5a summarizes Gc values of the

nanoimprinted PMMA substrate. These larger changes are
induced by greater amount of microcracks grown on bare and
O2 plasma-treated substrate as shown in Figures 2a-b.3 and 3ab.3. In other words, larger averages, and standard deviations of
sheet resistances after cyclic bending test were due to larger
crack growth induced by the delamination of Au ﬁlms from
PMMA substrates because of lower adhesion forces at AuPMMA interfaces for these samples. The sheet resistance
changes of metal thin ﬁlms on bare PMMA and O2 plasmatreated PMMA substrates are higher than that of metal thin
ﬁlms on the nanoimprinted PMMA substrate. These higher
electrical resistance changes are induced by large amount of
microcracks shown in Figures 2a-b.3 and 3a-b.3. The plane
substrate can slide and crack can propagate along the interface
easily because of no interlocking eﬀect along the interface. On
the other hand, the metal thin ﬁlms on nanoimprinted PMMA
substrate bent in the longitudinal direction to the line pattern
form less microcracks and thus result in smaller changes of the
electrical resistance after the cyclic bending test (Figures 2c.3
25176
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propagated at the surface of metal ﬁlms under mechanical
loading. However, if bending occurrs in the transverse
direction, more eﬃcient mechanical interlocking at the interface
prevents the failure at interfaces, which causes higher fracture
toughness of metal ﬁlm and less propagation of microcracks.
Therefore, the actual adhesion energy in the transverse
direction to the line pattern is expected to be much larger
than that in the longitudinal direction
Diﬀerent adhesion energies (Gc) for various PMMA
substrates in the water environment show similar tendency as
in the air environment except that their absolute values are
lower. The Gc values of Au/Ti dual layer thin ﬁlm are 7.7
(±2.0), 8.4 (±1.7), and above 15 (±2.3) J/m2 for bare, O2
plasma-treated, and nanoimprinted PMMA substrates in the
water environment, respectively (Figure 5). All the adhesion
energies of the metal thin ﬁlm-PMMA substrate interface are
lower in water than in air because the moisture lowers the crack
driving force required for the crack growth.16 In the moist
environment, deboning of metal thin ﬁlms can easily occur
below the adhesion energy, Gc, and this is mainly attributed to
the stress accelerated chemical reactions between environmental species and strained bonds at the crack front.16,30
Similarly to the experiment in air environment, the real
adhesion energies of the metal thin ﬁlm−nanoimprinted
PMMA interface are expected to be higher than the measured
values because the detachment mostly occurred at the interface
between Au/Ti dual layer ﬁlm and epoxy/PS layer as shown in
Figure 5b and Figure S2.
As explained above, the geometry of nanoimprinted PMMA
substrate improves the mechanical interlocking and eventually
results in the enhanced surface adhesion of metal thin ﬁlms. We
conducted a numerical simulation to investigate the geometrical
eﬀect of surface morphology of polymer substrate to the
improvement of interfacial adhesion energy (see Figures S3 and
S4 for detailed information on numerical analysis). Figure S4a,
b shows the normal and shear stress distributions and evolution
of crack between the Au thin ﬁlm and PMMA substrate with
periodic rectangular patterns (width and depth of trenches =
200 nm × 130 nm; pitch = 400 nm) during the interfacial
separation. The pull-oﬀ forces for various surface morphologies
such as rectangular, sinusoidal and plane surfaces were
calculated by numerical simulation for comparison. Figure
S4c compares the pull-oﬀ forces for diﬀerent substrates. It is
clearly shown that patterned interfaces have higher adhesion
strength than the planar one. The rectangular patterned
interface shows the highest pull-oﬀ force value, followed by
the sinusoid patterned interface and planar surface. Increased
energy dissipation by converting the direction of crack
propagation from mode I (normal) to mode II (in-plane
shear) in nanoimprinted substrate with numerous grooves leads
to the enhancement of pull-oﬀ force.37 From the experimental
and numerical results, the rectangular patterns are advantageous
to enhance the adhesion behavior because the width of the
pattern is related to increasing the pull-oﬀ strength in mode I
while the height controls the mode II loading. Therefore,
rectangular patterned interface would show higher pull-oﬀ
strength than other interfaces since the two modes are wellcombined. Also, as the number of grooves is increased, each
groove would function as an obstacle against the crack
propagation by combination of mode I and mode II and thus
the pull-oﬀ force is increased as shown in Figure S4c.
Therefore, periodic nanoimprinted rectangular patterns can

Au/Ti on bare PMMA, O2 plasma-treated PMMA and
nanoimprinted PMMA substrates in air and water environments. The Gc value of Au-PMMA is higher than previously
reported results because the metal ﬁlms can be embedded into
the surface of polymer substrate during the physical vapor
deposition processes.27,28 However, the embedding eﬀect on
the adhesion energy at the metal−PMMA interfaces would be
same for all the samples because all metal thin ﬁlms were
deposited under the same evaporation condition (evaporation
rate = 10 Å/s) and cooling condition (PMMA substrates were
attached on the cooling plate). Therefore, geometry eﬀect on
the interfacial adhesion at the metal−polymer is focused in this
work. First, the Gc values were calculated as 12.5 (±2.1), 13.7
(±2.7), and above 25.4 (±2.0) J/m2 for the interfaces of Au/
Ti−bare PMMA, Au/Ti layer−O2 plasma-treated PMMA, and
Au/Ti−nanoimprinted PMMA substrates in an air environment, respectively. The O2 plasma-treated PMMA substrate
shows slightly higher adhesion energy than that of bare PMMA
substrate because the adhesion energy is increased by the
oxygen functionality such as C−O bonds and CO bonds
generated after O2 plasma treatment.23,33,34 Moreover, the
physical stiction of the plasma-treated substrate due to high
surface roughness increases the physical adhesion energy to the
Au/Ti dual layer thin ﬁlm.23 The nanoimprinted PMMA
substrate shows greater adhesion energy than the O2 plasmatreated PMMA substrate. The Gc values of Au/Ti dual-layer
thin ﬁlm−nanoimprinted PMMA substrate interface could not
be measured, as the fracture occurred at the epoxy−Au/Ti duallayer thin ﬁlm interface because of signiﬁcantly increased
adhesion energy of Au/Ti dual layer thin ﬁlm-nanoimprinted
PMMA interface. On the contrary, Au/Ti dual layer thin ﬁlms
on bare PMMA and O2 plasma-treated PMMA substrates were
delaminated from the PMMA substrates after the DCB test.
The measured Gc value of Au/Ti dual layer thin ﬁlmnanoimprinted PMMA in the transverse direction to the linepattern in air was 21 J/m2, but this correspond to the Gc for
epoxy−Au/Ti dual layer thin ﬁlm interface, as the fracture
occurred at this interface because of higher adhesion energy of
Au/Ti dual layer thin ﬁlm−nanoimprinted PMMA substrate.
The metal thin ﬁlm could not be delaminated from the PMMA
substrate in the transverse direction to the line pattern array
during the DCB test. (Figure 5b and Figure S2) The Gc value
measured in the longitudinal direction to the line-pattern is
slightly higher than the Gc value measured in the transverse
direction to the line-pattern, but these values correspond to the
interface between epoxy layer and Au/Ti dual layer thin ﬁlm.
Therefore, it is diﬃcult to compare Gc values of metalnanoimprinted PMMA interface measured in the longitudinal
and transverse directions to the line pattern array. The actual
adhesion energy in the transverse direction to the line pattern
array is expected to be larger than that in the longitudinal
direction because of stronger interlocking eﬀect of nanotextures
in this direction (Figures 2c-d and 3c-d). The high adhesion
energy of the Au/Ti- nanoimprinted PMMA interface can be
mainly attributed to the signiﬁcantly enhanced mechanical
interlocking33,35,36 and sticking eﬀect induced by contact
geometry of the nanoimprinted PMMA surface.
As mentioned above, when nanoimprinted PMMA substrates
are mechanically bent, upper surface of metal thin ﬁlm is under
tensile stress and the metal−polymer interface is under both
tensile and shear stress. In the case of longitudinal bending
direction, nanopatterned surface cannot behave as an eﬃcient
mechanical obstacle. Thus, more microcracks can be
25177
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be considered as an ideal substrate structure with strong
mechanical robustness for industrial applications.

■

CONCLUSIONS
In summary, we developed a novel method to improve the
mechanical stability of the metal thin ﬁlms on ﬂexible polymer
substrates by nanotexturing the substrate surface via direct
nanoimprint lithography of substrate. We have found that the
metal thin ﬁlms deposited on the nanoimprinted polymer
substrate exhibit much smaller change of electrical resistance as
well as less mechanical failures such as delamination or crack
propagation under accelerated moisture tests and cyclic
bending tests, as compared to those deposited on the bare or
O2 plasma-treated polymer substrates. In addition, numerical
analysis has proven that the periodic array of nanostructured
metal−polymer interface with periodic patterns of rectangular
cross-section enables strong mechanical interlocking eﬀect,
which improves the adhesion properties of metal−polymer
interface. As a result, metal thin ﬁlms deposited on nanoimprinted polymer substrate exhibited strong interfacial
adhesion energy and this provided enhanced mechanical
stabilities of the conductive electrode layer on the ﬂexible
substrate. Therefore, we expect that this approach can be widely
used to improve the mechanical robustness of metal microelectrodes on ﬂexible electronic devices and to prevent possible
mechanical failures in moist and/or harsh environments. This
technology would be also beneﬁcial for skin-mountable devices
that are in direct contact with human skin and under various
mechanical loading, as well as for implantable biomedical
devices that are exposed to wet and chemically harsh
environments.
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