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We report a cost effective and facile way to synthesize flexible, uniform, and large area surface
enhanced Raman scattering (SERS) substrates using an oblique angle deposition (OAD) technique.
The flexible SERS substrates consist of 1 um long, tilted silver nanocolumnar films deposited on flexible
polydimethylsiloxane (PDMS) and polyethylene terephthalate (PET) sheets using OAD. The SERS
enhancement activity of these flexible substrates was determined using 10~> M ¢rans-1,2-bis(4-pyridyl)
ethylene (BPE) Raman probe molecules. The in situ SERS measurements on these flexible substrates
under mechanical (tensile/bending) strain conditions were performed. Our results show that flexible
SERS substrates can withstand a tensile strain (¢) value as high as 30% without losing SERS
performance, whereas the similar bending strain decreases the SERS performance by about 13%. A
cyclic tensile loading test on flexible PDMS SERS substrates at a pre-specified tensile strain (¢) value of
10% shows that the SERS intensity remains almost constant for more than 100 cycles. These disposable
and flexible SERS substrates can be integrated with biological substances and offer a novel and

practical method to facilitate biosensing applications.

Introduction

Surface-enhanced Raman scattering (SERS) has been recognized
as a highly sensitive and label free analytical tool to observe trace
amounts of chemical and biological molecules.’* SERS offers an
enormous enhancement (~10' times) over traditional Raman
signal intensity, a feature that has made this technique ultra-
sensitive for successful detection of trace substances and even for
a single molecule.* Substantial literature exists in the area of
fabrication of SERS substrates,>?’ but few methods are available
to develop a uniform, reproducible, robust, stable, and cost-
effective SERS substrate. Most of these fabrication methods
focus on achieving large enhancement factors, but fail to perform
in a reproducible and cost-effective manner and generally lack
requisite characteristics needed to move SERS to a platform
enabling technology. We have recently shown that oblique angle
deposition (OAD) can be used to prepare aligned silver nanorod
(AgNR) arrays having a large (~10%) SERS enhancement
factor.?®32 OAD is based on a conventional physical vapor
deposition principle and can be used to fabricate aligned and
tilted Ag nanorod arrays on large substrate areas. This method
involves positioning the substrate at a specific angle such that the
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vapor from the source is incident on the substrate at a glancing
angle (>75°). This process produces a geometric shadowing effect
that results in the preferential growth of nanorods on the
substrate towards the direction of deposition. Silver nanorod
array substrates prepared by the OAD process have previously
been shown to provide SERS enhancement factors of ~108.30-32
The OAD technique offers an easy, straightforward, and inex-
pensive method for fabrication of silver nanorod arrays for high
sensitivity SERS applications. SERS substrates produced by
OAD have the added advantages of uniformity and reproduc-
ibility. We have previously reported less than 12% variability for
point-to-point intra-substrate assessment, 6—-13% for the inter-
substrate assessment from a single fabrication batch, and less
than 15% for inter-batch variability.3%-3

Currently, silicon wafers and glass slides are two of the most
common substrates for deposition of SERS active layers.
However, these substrates are rigid and brittle. For some appli-
cations such as packaging or tracking, flexible SERS substrates
would be more appropriate. Flexible substrates have advantages
over the conventional rigid substrates in their flexibility to
conform to the underlying object as they can be wrapped onto
curved surfaces and can be easily cut into different shapes and
sizes. To make flexible substrates effective requires chemical/
thermal stability and compatibility with existing fabrication
techniques, while remaining relatively low cost to fabricate.
There have only been a few attempts to achieve flexible large area
SERS substrates.>*3¢ Recently, Chung et al.** have reported the
fabrication of large area flexible SERS active substrates using
a shadow mask assisted evaporation technique. This method has
an advantage of being simple and different types of
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nanostructure morphology such as nano-pillar, nano-nib, and
nano-cylinder can be fabricated on a large area. Despite its
advantage, the method suffers from being a multi-step process
involving metal evaporation onto an anodized alumina oxide
(AAO) nanoporous membrane, dissolution of the AAO template
in NaOH solution and then settlement of the metallic nano-
structure film onto the polydimethylsiloxane (PDMS) substrate.
Although the largest SERS signal enhancement was observed for
nano-tip morphology, the most reproducible SERS signal was
observed from the nano-pillar arrays structure which resembles
our OAD grown Ag nanorod arrays morphology. In further
interesting research, Lee and researchers® have reported SERS
substrates based on flexible filter paper scaffolding. These SERS
substrates have advantages of being biodegradable and having
the ability to easily absorb the fluids. But, optimization of
homogeneity of the SERS signal over these paper substrates is
still a matter of research. Currently, there are no reports on the
performance of flexible SERS substrates under mechanical strain
conditions, which is needed before any practical applications of
these flexible SERRS substrates can be realized.

Here, we report the fabrication and characterization of OAD-
deposited AgNR arrays on free-standing PDMS and poly-
ethylene terephthalate (PET) sheets as flexible SERS substrates.
These SERS substrates exhibit comparatively similar SERS
enhancement to their glass substrate counterparts. The in situ
SERS measurements over these flexible substrates under
mechanical strain conditions show that the SERS signal intensity
remains almost constant for an induced tensile strain value as
high as 30%. These flexible SERS substrates were also assessed
for cyclic tensile and bending strains and found to be functional
as SERS-active substrates. Flexible SERS substrates may find
potential applications in routine SERS detection applications
that include practical pathogen identification, packaging, and
tracking processes.

Materials and methods
Fabrication of flexible SERS substrates

The SERS-active AgNR arrays were fabricated by the OAD
technique using a custom-designed electron beam evaporation
(E-beam) system. The PDMS films (~1 mm thickness) were
prepared by mixing a pre-polymer (Slygard 184 from Dow
Corning) with a curing agent in a 10 : 1 ratio at room tempera-
ture, the mixture was then poured on a pre-cleaned Si substrate,
and was cured for 1 hour at a temperature of 70 °C. PET sheets
(DuPont Teijin Films, Hopewell, VA) were cleaned with
commercial detergent and deionized water. For deposition of
AgNR arrays, PET and PDMS sheets were cut into 20 mm x
40 mm size. For the tensile test, the PDMS substrate was
mounted on a tensile tester and the PET substrate was directly
attached to the substrate holder by a double-sided tape. The
substrates were dried with a stream of nitrogen gas before loading
into the E-beam evaporation chamber. The source material for
evaporation was Ti pellets (Kurt J. Lesker, Clariton, PA,
99.995%) and Ag pellets (Kurt J. Lesker, Clariton, PA, 99.999%).
During fabrication, the film thickness was monitored by a quartz
crystal microbalance (QCM) positioned at normal incidence to
the vapor source direction and the deposition pressure was ~1 x

10-° Torr. Base layers of Ti (20 nm) and silver (200 nm) films were
first evaporated onto the substrates at a normal angle to the
substrate surface at a rate of 0.2 nm s~! and 0.3 nm s~', respec-
tively. The substrates were then rotated to 86° with respect to the
vapor incident direction and Ag nanorods were grown at this
oblique angle by depositing another 2000 nm of Ag (as reported
by the QCM) with a deposition rate of 0.3 nm s~

SERS characterization

The SERS spectra from flexible substrates were acquired using
a HRC-10HT Raman Analyzer system (Enwave Optronics Inc.,
Irvine, CA). The excitation source was a near-infrared diode
laser with a wavelength of A = 785 nm. The unpolarized excita-
tion laser beam coupled to a 100 um fiber was focused onto the
substrate through the Raman probe head. The focal length of the
Raman probe was ~7 mm and the diameter of the laser spot was
0.1 mm. The laser power at the sample was 30 mW and the
spectral collection time was 10 s. The molecular probe used in
this study was trans-1,2-bis(4-pyridyl) ethylene (BPE, 99.9+%,
Sigma). BPE solutions were prepared by sequential dilution in
ACS grade methanol (Fisher Scientific). A 2 uL droplet of 10-°
M BPE solution was applied onto the AgNR substrate and
allowed to dry before the acquisition of data. SERS spectra were
collected from multiple points across the BPE-treated portion of
the AgNR film.

Tensile and bending tests

The SERS performances of the flexible AgNR PDMS and PET
substrates were analyzed in situ as a function of mechanical strain
(tensile test for PDMS and bending test for PET substrates) and
for different loading cycles. SERS spectra of AgNR on flexible
PDMS and PET substrates were initially measured in their
relaxed and unbent position. The PDMS substrate was held in
place during the tensile experiments by two posts mounted on an
optical rail. Tensile experiments were performed by moving the
posts farther away from each other while monitoring the SERS
spectra. The bending tests on PET substrates were performed in
a similar way by holding the substrate on the two posts mounted
on the optical rail and moving them close to each other. The
schematic of the setup is shown in Fig. 1. The figure shows two
posts mounted on the optical rails. The separation between the
posts can be linearly changed by tightening/un-tightening the
screw attached to one of the posts for tensile and bending
experiments as shown in Fig. 1(a) and (b), respectively. Fig. 1(c)
shows a photograph of the AgNR-PET SERS substrate. These
substrates were also tested for the effects of cyclic tensile and
bending effects on the SERS spectra. For cyclic tensile loading,
the PDMS substrate was tested for a pre-specified 10% tensile

\
b !‘r
Fig.1 Schematic diagram showing (a) tensile loading and (b) bending of

the flexible AgNR-PDMS/PET SERS substrates, and (c) photograph of
a AgNR-PET SERS substrate.

This journal is © The Royal Society of Chemistry 2012
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strain (¢). A complete bending cycle consists of continuously
bending the substrate with incremental decreases in the radius of
curvature, then exactly reversing the process.

Results and discussion
Surface enhanced Raman scattering of flexible substrates

To characterize the SERS response of the flexible substrates,
Raman spectra of BPE were collected by spreading 2 pL of
a 10 M BPE solution in methanol on the film surface. The
averaged SERS spectra of BPE on the AgNR arrays deposited on
PET and PDMS substrates are shown in Fig. 2(a). The main
bands of BPE at around 1015, 1200, 1610 and 1640 cm~' can be
assigned to the pyridine ring breathing, ethylenic C=C in-plane
ring mode, aromatic ring stretching mode, and the C=C
stretching mode, respectively.?” The baseline-corrected peak
height of the BPE peak located at about 1200 cm™' was used to
quantify the overall SERS response, and is denoted as /;599. The
SERS response of the AgNR arrays deposited on PET and
PDMS substrates was found to be comparable to that deposited
on a conventional glass substrate. The background SERS spectra
of bare AgNR arrays deposited on PET and PDMS substrates
before any analyte molecules were applied on the substrate are
shown in Fig. 2(b). Several small peaks can be seen in the
background spectra at around 490, 690, and 1400 cm~'. The
broad peak around 1400 cm~' could be attributed to amorphous
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Fig. 2 (a) SERS spectra of BPE applied to AgNR arrays deposited on
flexible PDMS and PET substrates. The spectra are the average of five
different positions measured on each of the sample surfaces. (b) The
background SERS spectra of bare AgNR arrays deposited on PDMS and
PET substrates.

carbon. Vapor deposited silver films and electrochemically
reduced silver electrodes have been reported to exhibit back-
grounds due to graphitic carbonaceous adsorption onto the
substrate. The other bands in the spectra possibly arise from
organic impurities from the ambient environment or out-gassing
from the deposition chamber.

Effect of tensile strains on the SERS performance of AgNR-
PDMS substrates

For the substrate to be an effective sensor, the flexible substrate
must retain superior SERS performance during the mechanical
deformation. The in situ SERS measurements were performed on
AgNR arrays on flexible PDMS substrates under tensile strains.
The tensile tests were performed by moving the mount post with
respect to the stationary post and measuring the increment in the
film length. The tensile strain (¢) is defined as the ratio of increase
in the film length (AL) to its original unstrained film length (L).
The SERS response of AgNR arrays on flexible PDMS substrate
as a function of tensile strain is shown in Fig. 3(a). Here, the
SERS response is plotted as the intensity of a 1200 cm™" (Z290)
Raman peak of BPE as a function of tensile strain (¢). It is
important to note that the Raman intensity remains almost
constant with a maximum decrease of less than 10% at tensile
strain (¢) value as high as 27%.

Bending radius r (cm)

unbent 5 4
(a)
6.0x10%
bending strain
= ) ﬁ\ﬁ‘ﬁ\i i
€ 4.5x104
=}
£
< 3.0x10"
i .0x104
o ; ;
‘_N_ tensile strain
k= 4
1.5x105 % — ¥ i
0.0 T T T T v T y T
0 5 10 15 20 25 30 35

Tensile strain (¢)%
e=10%

(b)
10000

8000 T —
6000 — —
40004
2000 — —

0-

0 25 50 75 100

Number of cycles

11200 (arb. unit)

Fig. 3 (a) Plots of I}59 as a function of induced tensile strain (¢) in
a flexible AgNR-PDMS SERS substrate. The variation of 1599 With
bending radius r for a AgNR-PET SERS substrate is also shown in the
same figure. (b) Bar graph showing the dependence of 7}, on the number
of tensile loading cycles for a pre-defined 10% tensile strain.
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Effect of bending strains on the SERS performance of AgNR-
PET substrates

Similar in situ SERS measurements were also performed on
AgNR arrays on flexible PET substrates under bending strains.
The bending tests were performed by moving the mount post
with respect to the stationary post and measuring the incre-
mental decreases in the radius of curvature. Fig. 3(a) also shows
the variation of I 599 as a function of the bending radius r of
AgNR films on a PET substrate. The AgNR arrays on a PET
substrate demonstrate a decrease of about 13% in SERS
intensity with increase in bending radius r. The results show
that regardless of the direction of strain induced, convex or
concave bending of the flexible AgNR arrays on PET SERS
substrates at different radii does not significantly impact the
sensing of BPE.

Effect of cyclic tensile/bending strains on the SERS performance
of flexible substrates

An additional concern with a flexible sensor is its ability to
withstand cyclic deformation. To investigate this, the SERS
response of AgNR arrays on a flexible PDMS substrate was
measured after each cycle of a pre-specified tensile strain (¢) value
of 10%. Each cycle consists of producing 10% tensile strain in the
film and then relaxing back it to the normal state. The SERS
response of the flexible substrate was observed for more than
100 such cycles. Fig. 3(b) illustrates a bar graph of a cyclic tensile
loading experiment showing the variation of SERS 7}, intensity
of BPE as a function of the number of tensile cycles. Surprisingly,
the SERS intensity does not decrease with the number of tensile
loading cycles and even an increase in the SERS intensity was
observed. This may be due to the stress induced buckling pattern
formation on the PDMS surface®*® which may introduce hot-
spots for local SERS enhancement. However, after several
hundred tensile loading cycles wrinkles were visually apparent on
the AgNR-PDMS surface but scanning electron microscopy
(SEM) images in Fig. 4 (before and after one hundred tensile
loading cycles) show that the AgNRs morphology remains
almost undamaged. Thus, it is not surprising that the SERS
intensity remained mostly unchanged. These flexible and
disposable SERS substrates can detect trace analytes, as indi-
cated in Fig. 5 which shows the SERS spectra of 10> M mela-
mine deposited on a AgNR based flexible PDMS SERS
substrate.

Fig.4 SEM images of a flexible AgNR-PDMS substrate (a) before and
(b) after one hundred tensile loading cycles.
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Fig. 5 SERS spectra of 10~ M melamine applied to a flexible AgNR-
PDMS SERS substrate.

The SERS responses to cyclic deformation of AgNR arrays on
a flexible PET substrate with the induced curving strain are
shown in Fig. 6. After the substrate was relaxed from the r =
2.8 cm bent position, the SERS response continued to decline by
another 11% as the substrate was relaxed back to the unbent
conformation; thus completing the first cycle and returning to the
unbent configuration, the substrate retains 76% of the initial
SERS intensity. The bending test was repeated for another cycle
2. Relaxing the substrate back to the unbent configuration and
completing the second cycle, 57% of the initial SERS response
was retained. The same substrate was then treated with further
cyclic bending but this time in a convex manner. After convexly
bending the flexible AgNR-PET substrate to » = 2.8 cm, 70% of
SERS response was retained (relative to the [j5go after the
concave bending cycles). The substrate response continued to
decrease slightly after relaxing the substrate back to the unbent
configuration, where it demonstrated 60% of the initial 7;50o.
Repeating the convex bending for cycle 2 and relaxing back to
the unbent configuration, 53% of the initial SERS response was
retained (relative to the Ij59 after the concave bending cycles).
These results demonstrate that although the cyclic bending has
a significant effect on the SERS intensity, the SERS enhancement
by AgNR arrays on flexible PET substrates is high enough to use
it as an efficient flexible SERS sensor.
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Fig. 6 Plots of I}, versus radius of curvature (expressed as 1/radius) for
cyclic concave and successive convex bending cycles for the same PET-
AgNR SERS substrate.
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Conclusions

In summary, we show that Ag nanorod arrays can be deposited
on flexible PDMS and PET substrates to produce a comparable
SERS response to those deposited on conventional glass slides.
The AgNR arrays on these flexible substrates retain their SERS
activity after undergoing repeated cyclic tensile and bending
tests. The robustness of the AgNR-based PDMS and PET SERS
substrates reveals possibilities for sensing with non-planar
geometries in terms of flexible or wearable labels capable of
monitoring biological and chemical agents. These flexible
substrates offer a number of significant benefits over more
conventional SERS substrates in that they are low-cost, flexible,
mechanically robust and easy to pack, handle and discard after
use to avoid cross-contamination.
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