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The widespread implementation of surface enhanced Raman
scattering (SERS) techniques for chemical and biological
detection requires an inexpensive, yet robust SERS substrate
with high sensitivity and reproducibility. To that end, we
present a facile method to fabricate plasmonic SERS
substrates with well-distributed SERS “hot spots” on a large
scale with reproducible SERS enhancement factors of ~10°
for the Raman probe molecule 4-aminobenzenethiol (4-ABT).
The SERS enhancement is attributed to the synergistic
interactions between the strong plasmonic coupling among
the assembled Au NPs and the structure-associated tip
enhancement. Additionally, these mechanically-flexible
substrates exhibit remarkably reproducible SERS signals,
demonstrating the merits of our methodology. Our approach
illustrates the potential opportunities for fabricating robust,
commercially-viable SERS substrates with well-distributed
“hot spots” on a large scale while avoiding costly vacuum
deposition technologies.

Introduction

Surface enhanced Raman scattering (SERS) has recently garnered
extensive scientific interest due to the growing demand for reliable,
miniaturized devices that boast low detection-limits for molecular
diagnostics."® In SERS, the excitation of the localized surface
plasmon resonance (LSPR) of noble metal (i.e. Au, Ag, Cu)
nanostructures generates an enhanced electromagnetic (EM) field
that significantly amplifies the optical cross-section of Raman
molecules adsorbed on the nanostructure surface.”'® It has been
reported that nanostructures with SERS enhancement factors (EFs)
higher than 10® orders of magnitude are capable of detecting single
molecules.> ' However, such nanostructures are typically made of
Ag and commonly constructed from ordered structures, such as
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dimers consisting of two adjacent spherical particles or “bowtie
nanoantennas” comprised of two tip-to-tip triangles,' '*!* which are
believed to create SERS “hot spots” through strong plasmonic
coupling at their junctions.?

The biological toxicity and chemical instability of Ag have
limited the commercialization of Ag-based SERS substrates for
routine application in chemical detection and medical diagnoses.
Although Au represents a potential alternative, the SERS
enhancements from Au nanostructures are generally significantly
lower than those of similar Ag nanostructures. Additional challenges
arise from the particular method used to fabricate SERS “hot spots.”
For instance, simple drop-casting methods based on wet chemistry
yield a limited number of SERS “hot spots,” since the desired dimer
structures are randomly distributed, which makes the junctions
between the two particles difficult to control and thereby prevents
reproducible SERS measurements. Moreover, such junctions often
lack mechanical stability and are subject to damage from changes in
the local environment such as vibrations or temperature fluctuations.
These challenges prevent the fabrication of reusable SERS substrates
for routine diagnostic applications. Other commonly used methods
for fabricating the “bowtie nanoantennas” heavily rely on expensive
and time-consuming clean room techniques, such as e-beam
lithography (EBL) or physical vapour deposition (PVD), making it
costly to increase the manufacturing to achieve commercial scale.
Obviously, there is a great need for developing scalable and
economical processes to fabricate large-scale and robust SERS
substrates that boast high sensitivity to analytes in a reproducible
manner.

Herein, we report the development of a facile method to fabricate
a chemically and mechanically robust SERS substrate containing
well-distributed SERS  “hot spots” across a large-scale
polydimethylsiloxane (PDMS) elastomer through in
polymerization and protonation of aniline and the subsequent

situ
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chemical reduction of Au ions. Our approach combines both soft
lithography and wet chemistry methods to circumvent the tedious
and costly vacuum deposition-based techniques. Aniline was
chemically polymerized and protonated to form a conductive
polyaniline (p-PANI, emeraldine salt) layer, which simultaneously
grew on a pre-fabricated PDMS pyramid array. A conductive
polymer such as polyaniline (PANI) was selected as a reducing agent
of Au ions due to its m-conjugated electronic structure, which gives
rise to high carrier conductivity and unique redox properties. After
reducing Au*" ions to form Au nanoparticles (NPs) assembled on p-
PANI, the fabricated Au/p-PANI/PDMS substrates were found to
exhibit substantial SERS signals with a highly reproducible EF on
the order of ~10%. Our unique approach represents a feasible way to
address the current challenges limiting the development of
commercially-viable SERS devices for molecular diagnostics.

Results and discussion

The fabrication process is illustrated in Fig. 1 and includes three
major steps: (1) the manufacture of PDMS pyramid arrays (Fig. la
and 1b); (2) the functionalization of the substrate surface (Fig. lc-
le); and (3) the growth of Au NPs (Fig. 1f). The PDMS pyramid
arrays were fabricated using previously reported soft-lithography
techniques.”" 22 The photolithographic method was first applied to a
piece of Si (100) wafer to create square arrays of 50 x 50 pm?”. The
wafer was then immersed in a 30% potassium hydroxide (KOH)
solution for 25 min and then rinsed with diluted hydrogen peroxide
solution (isopropanol: H,O, 4:1 v/v). Due to the different etching
rates of Si (100) and Si (111) facets,? anisotropic structural arrays
were constructed, as shown in Fig. 2a. The PDMS base (Sylgard
184, Dow Corning Corp.) and the curing agent were mixed in a 10:1
mass ratio and the mixture was poured onto the etched Si wafer.
After polymerization, the PDMS master was peeled-off (Fig. S1) and
used as a substrate for the subsequent growth of PANI and
ultimately Au NP formation and assembly (Fig. 2b).

To ensure that the p-PANI fully covers the surface of the PDMS
pyramid arrays, a strategy involving functionalization of the PDMS
surface was employed to render it hydrophilic and facilitate the

a)

apply and cure
PDMS on etched
Si wafer

b)

peel-off cured polymerize and
PDMS and SAM protonate aniline

of 3-APTES layer

c)

adsorb aniline
monomer

Fig. 1 A schematic diagram of the experimental procedures
employed to fabricate a SERS substrate.
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formation of a  self-assembled monolayer of  (3-
Aminopropyl)triethoxysilane (3-APTES) as a linker for the eventual
adsorption of aniline monomers.>* The surface of the PDMS master
was first functionalized with hydroxyl-terminated groups by treating
with mild oxygen plasma for 5 min. The PDMS substrate was
subsequently immersed in a methanol solution of 3-APTES for 24 h
and dried under a gentle N, stream. It should be noted that the strong
covalent bond between PDMS and 3-APTES is critical for the
following growth of the PANI layer.* %

Due to their m-conjugated electronic structures, conductive
polymers such as PANI and polypyrrole exhibit intriguing electrical
properties, which give rise to high carrier conductivity and unique
redox activity.?® ?’ It is believed that the polymerization of aniline
monomers is an oxidative process and thus efficient polymerization
is achieved in an acidic environment. In addition, it has been
reported that the acids used in the synthesis of polymerization and
protonation intensely impact the conductivity and stability of p-
PANI films.”’** Here, we used ammonium peroxydisulfate (APS)
and hydrochloric acid (HCI) to develop the p-PANI film. The in situ
polymerization and deposition of a p-PANI film on a 3-
APTES/PDMS substrate was carried out as follows: The substrate
was first placed in an aniline/HCI solution for 20 min to adsorb the
aniline molecules.’’ The substrate was then carefully washed with
water to remove any remaining physisorbed aniline. Next, the
substrate was covered by a mixed solution containing APS and HCI

and the secondary aniline/HCl solution was added for

polymerization.*' The substrate was subsequently immersed in a 5
mM tetrachloroauric acid (HAuCly) solution until the color of the
substrate surface changed from green to metallic yellow, indicating
the formation of the Au film.

Fig. 2 SEM images demonstrating the morphology of (a) periodic
inverse pyramids after the wet etch of a Si substrate; (b) fabricated
pyramid arrays on PDMS with a 10 nm Au layer to facilitate
imaging; (c) a Au/p-PANI/PDMS pyramid SERS substrate with
rough surface features; and (d) a Au/PDMS pyramid SERS substrate
fabricated using traditional e-beam evaporation.

This journal is © The Royal Society of Chemistry 2012



Page 3 of 5

The in situ growth of p-PANI generated a uniform layer on the
entire surface of the PDMS substrate. It is known that the protonated
PANI acts as a reducing agent for Au®" reduction due to the differing
reduction potentials of Au’’/Au’ and p-PANL**™ yielding a
conformal Au thin film on the p-PANI-covered PDMS pyramid
array. Scanning electron microscopy (SEM) characterization reveals
that the surface topology of the fabricated Au/p-PANI/PDMS
substrate is significantly rough, and composed of aggregated Au NPs
with sizes of approximately 100-250 nm (Fig. 2¢). To compare our
method with vacuum deposition techniques, we specifically
deposited a 30 nm Au thin film directly on another PDMS pyramid
array substrate via traditional electron-beam (e-beam) evaporation.
As shown in Fig. 2d, the surface of such structures is much smoother
and we believe the surface roughness of the Au/p-PANI/PDMS
substrate plays a crucial role in enhancing Raman signals of the
adsorbed molecules (vide infra). Further investigation of the Au/p-
PANI/PDMS substrate by energy dispersive spectroscopy (EDS) and
X-ray diffraction (XRD) confirms that Au NPs are formed on the p-
PANI-covered pyramid array substrate (Fig. S2), and the Au NP
growth is preferentially oriented along Au (111) (Fig. S3).

A commonly used Raman probe molecule, 4-aminobenzenethiol
(4-ABT), was chosen to test the SERS activities of the fabricated
Au/p-PANI/PDMS substrates.”> A 785 nm laser was selected as the
excitation source in order to avoid direct molecular excitation of 4-
ABT during SERS measurements (Fig. S4). The blue curve in Fig.
3a shows the average Raman spectrum obtained from 30 individual
Au/p-PANI/PDMS pyramids. It contains the typical enhanced
vibrational signatures of 4-ABT: two major Raman features at 1079
em’! (7a, C-S stretch) and 1593 cm™! (8a, C-C stretch), attributed to
the enhanced EM field are easily identified in the spectrum.’® As a
comparison, the exact same SERS measurement was conducted on
the Au/PDMS pyramids in which the Au thin film was deposited via
e-beam evaporation (orange curve, Fig. 3a). Obviously, the Au/p-
PANI/PDMS substrate shows significantly stronger SERS
enhancement (detailed discussion provided in section f, ESI).

It is well known that the plasmonic “hot spots” contribute most of
the Raman signals in SERS measurements, despite comprising only
a modest amount of the total SERS substrate surface area.’’ To
identify the topographical features of the SERS substrate responsible
for the “hot spot” in an individual Au/p-PANI/PDMS pyramid, we
then performed a 55x55 pm* Raman mapping of the SERS substrate
using the 1079 cm™ band. As shown in Fig. 3b, the Raman mapping
includes a single Au/p-PANI/PDMS pyramid and the surrounding
area. It is clear that the SERS “hot spot” is located at the tip of the
pyramid with the strongest Raman signal when compared to the
triangular faces of the pyramid and the surrounding flat film. Such
observation is further confirmed with additional Raman mapping of
four nearby Au/p-PANI/PDMS pyramids (Fig. S5, ESI). By
adopting a commonly used method for the calculation of EFs
(section g, ESI),*®*° the EF of the SERS “hot spot” on the Au/p-
PANI/PDMS pyramid is estimated to be ~1.4x10%. Such a high EF
(~10%) has been suggested to be potentially sufficient for single-
molecule detection.” ' 1*

The large Raman enhancement observed from the Au/p-
PANI/PDMS substrate comes from a combination of two major
factors. As mentioned previously, the rough Au pyramid surface
formed via p-PANI reduction is composed of Au NP aggregates that
can induce strong plasmonic coupling between Au NPs. As seen in
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Fig. 3 SERS results obtained with 4-ABT as the Raman probe
molecule. (a) comparison of SERS intensities obtained from the Au
pyramid tips for the substrates fabricated via p-PANI reduction
(blue) and e-beam evaporation (orange); (b) a large-area (55x55
um?) Raman mapping result of the 1079 ecm™ band acquired from a
single Au pyramid (white dash line) on the p-PANI/PDMS SERS
substrate, demonstrating that the strongest Raman intensity
originates from the pyramid tip. The scale bar is 10 pm; (c) SEM
image of the Au/p-PANI/PDMS pyramid corresponding to Raman
mapping area in (b).

Fig. 2c and 2d, the Au/PDMS pyramid fabricated via e-beam
evaporation shows a much smoother surface, leading to significantly
lower Raman signals. Secondly, the Au tips on the Au/p-
PANI/PDMS pyramids are believed to confine the SPR-enhanced
EM fields and amplify the Raman signals.*™ It should be
recognized that the surface roughness and the tip enhancement must
work synergistically to produce the enormous Raman enhancement
observed herein. For instance, although the triangular faces of the
pyramid and the surrounding areas of the Au/p-PANI/PDMS
substrates share the same surface roughness, they do not exhibit
strong Raman enhancement (Fig. 3b). On the other hand, a weak
Raman signal was observed on the tips of the Au/PDMS pyramids.
Those observations suggest that further optimization of the Au NP
size and the pyramid tip geometry will lead to additional
improvements in the SERS enhancement, making our Au/p-
PANI/PDMS substrates more sensitive for various chemical and
biological detection schemes.

The consistent SERS enhancements from each individual Au/p-
PANI/PDMS pyramid (Fig. S5, ESI) further demonstrate that our
method is capable of fabricating well-distributed “hot spots” on a
large scale. As mentioned previously, fabrication of SERS substrates
with uniformly-distributed “hot spots” in high density remains
challenging. The simple drop-casting methods only randomly
produce a very limited number of SERS “hot spots” and the
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commonly used EBL method heavily relies on expensive and time-
consuming vacuum techniques, making it costly to scale up the
manufacture of such a device. Our method combines both soft
lithography and wet chemistry approaches and should be easily
extendable to the fabrication of SERS platforms on a wafer scale.

The Au/p-PANI/PDMS SERS substrates are expected to be
chemically and mechanically stable during extended operations. It is
well known that Au is not easily oxidized and is unlikely to react
with biological compounds even under harsh chemical conditions.
Since the Au®" ions are directly reduced on p-PANI to form Au NPs
in situ, the p-PANI substrate functions as an adhesive to fix the
positions of the Au NPs. Thus, the junctions between the two
particles are secured, leading to the highly reproducible Raman
signals in the SERS measurement. Additionally, such soft “glue,”
together with the flexible PDMS template, ensures that the fabricated
Au/p-PANI/PDMS SERS substrates exhibit substantial mechanical
stability. Fig. S6 shows the Raman mapping of the exact same Au/p-
PANI/PDMS pyramid shown in Fig. 3b after bending the SERS
substrate thirty times three months after the initial measurement.
Under the same experimental conditions, the pyramid tips still
exhibit strong Raman enhancement with intensities similar to the
initial measurement.

Conclusions

In conclusion, the thoughtful combination of soft lithography
and wet chemistry techniques has enabled the fabrication of
chemically robust and mechanically flexible SERS substrates.
The prepared substrates exhibit significantly strong SERS
signals to facilitate molecular detection, boasting large SERS
EFs of ~10% orders of magnitude. More importantly, the
engineered “hot spots” are uniformly distributed in a large-scale
area with consistent SERS enhancements. Since there is no
requirement for costly clean-room techniques, our simple and
cost-effective method offers the potential opportunity for the
fabrication of commercially-viable SERS substrates applicable
to Raman-based molecular diagnostics.

Experimental section

Materials

Aniline (99.5%, extra pure), ammonium peroxydisulfate (APS),
(3-Aminopropyl)triethoxysilane (3-APTES), and
tetrachloroauric acid trihydrate (HAuCly*3H,0) were purchased
from Sigma Aldrich. Polydimethylsiloxane (PDMS) and its
curing agent were obtained from Dow Corning Corporation,
Inc. Shipley 1813 photoresist was bought from MicroChem.
Hydrochloric acid (HCI) and potassium hydroxide (KOH) were
purchased from Fisher Scientific.

Synthesis and SERS substrate preparation

The creation of inverse pyramid arrays on a Si wafer and the
fabrication of PDMS pyramid arrays were in accordance with
previous reports.”" >* A patterned PDMS substrate was exposed
to oxygen plasma for 5 min before being immersed in a 5 mM
of 3-APTES solution for 24 h. The substrate was then carefully
washed with methanol and water and dried using a mild N,
stream. Subsequently, the substrate was dipped in an

4| J. Name., 2012, 00, 1-3

aniline/HCI solution (0.17 g of aniline in 26 mL of 1.0 M HCI)
for 20 min to adsorb aniline molecules, as described
elsewhere.’! Then, the substrate was rinsed with water to
remove the physisorbed aniline molecules and placed into a
Pyrex beaker. The polymerization solution containing APS/HCI
(0.14 g of APS in 10 mL of 1.0 M HCI) and the growth solution
of aniline/HCI (0.06 g aniline in 26 mL of 1.0 M HCI) were
sequentially added to the beaker. After 30 min, the substrate
turned light green. In order to make sure the protonated
polyaniline (p-PANI) formed a well-covered film on the PDMS
substrate, we removed the substrate after 12 h. Finally, we
immersed the dried p-PANI/PDMS substrate into a 5 mM
HAuCl, aqueous solution for 3 h. The Au/p-PANI/PDMS
substrate was immersed in a 1 x 10° M 4-ABT solution in
methanol overnight and was washed with methanol to remove
the physisorbed molecules.

Characterization

The morphology of the sample was characterized using
scanning electron microscopy with an acceleration voltage of 5
kV (Nova NanoSEM, FEI). The elemental analysis was carried
out using energy dispersive spectroscopy (EDS) equipped with
the SEM. The collection was performed under 20000x
magnification using an acceleration voltage of 10 kV. X-ray
diffraction (XRD) patterns were obtained using an X’Pert
powder diffractometer (PANalytical Systems) with Cu Ka
radiation (A = 1.5406 A). The extinction spectra were measured
using a Zeiss Observer Zm.1 inverted microscope equipped
with a Craic QDI 302™ spectrophotometer. The SERS
measurements were conducted with a Horiba LabRAM
microRaman using a 785 nm diode laser focused with a 50x
objective lens. The laser spot size is ~2 um and the incident
power used in our measurements was ~0.1 mW. The
acquisition time was set for 5 s for tip measurements and was
set for 10 s for measurements on the Au flat film deposited by
e-beam evaporation. For a Raman image with a scanning range
of 55%x55 um? the integration time was 0.2 s per spectrum with
a step size of 0.7 um. All Raman images were converted by
integrating the intensity of Raman signal at 1079 cm™, which is
ascribed to the vibration of C-C stretch of 4-ABT.
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