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Nanoimprinted SERS-Active Substrates with Tunable Surface Plasmon Resonances
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Nanoimprint lithography and physical vapor deposition were combined to fabricate large-area homogeneously
patterned SERS-active substrates with tunable surface plasmon resonances. The plasmon shift observed was
connected to the surface nanotopography since (a) the SERS-active nanoparticles on all the substrates
investigated were shown to be chemically and structurally similar and (b) the SERS spectra of the analyte
investigated were essentially identical for all samples. In addition, the tunability of surface nanotopography
was shown to boost the SERS effect via optimal coupling between the substrate’s SPR and the incident laser
line.

Introduction mold

Surface plasmon resonance (SPR), the collective oscillation res';? _ 1. imprint _
of the conduction electrons in metal nanostructures, is the object '
of intense multidisciplinary research with a wide scope of
bioanalytical applicationk? Correlation between SPR and
surface-enhanced Raman scattering (SERS) has been theoreti 200 nm
cally® and experimentaly® demonstrated by using surface- A :
enhanced Raman excitation spectroscopy (SERES)To _ 3.PVD _
maximize the SERS signals, enhance the reproducibility, and Figure 1. Schematic illustration of the nanoimprint lithography and
expand the applicability of this analytical technique in ultra- physical vapor deposition methods used to prepare SERS-active
sensitive detectiof? optimization of the correlation between substrates with tunable SPR.
the surface plasmon resonance and the excitation laser line is
necessary?!1To achieve these goals, nanopatterned substratesevaporation unit. During the film deposition the background
with precisely defined surface features were fabricated with use pressure was 16 Torr, and the deposition rate (0.5 A/s) was
of e-beam nanolithography (EB¥2jand nanosphere lithography =~ monitored with an XTC Inficon quartz crystal oscillator.
(NSL) .13 However, EBL is time-consuming, and not amenable  The topography of the Ag films was characterized by high-
to large-scale production, whereas NSL is limited in terms of resolution scanning electron microscopy (SEM, Hitachi S4800)
structures and topographies generated. and tapping-mode atomic force microscopy (TM-AFM). AFM
To overcome some of these limitations, we combined measurements were performed on a Digital Instruments Nano-
nanoimprint lithography (NIL3 and physical vapor deposition ~ Scope IV operating in tapping mode with-silicon tips (NSC
(PVD) to fabricate five large-area homogeneously patterned 14 model, Ultrasharp) at a resonant frequency of 256 kHz. All
SERS-active substrates with tunable SPR. Investigation of theimages were collected in high resolution at a scan rate of 0.5
SERS properties of these substrates relative to flat silver films Hz. The data were collected under ambient conditions and each
showed a significantly large, topographically dependent en- scan was duplicated.

2. pattern
transfer

hancement, which was correlated with the substrate’s SPR. Chemical analysis and oxidation state of the silver thin films
' were investigated by X-ray photoelectron spectroscopy (XPS)
Experimental Methods in an Axis 165 XPS (Kratos Analytical). X-ray diffraction

(XRD) analysis was carried out on a Bruker D8 Discover, using
graphite monochromated CuoKradiation § = 1.5418 A),
operated at 40 mA and 40 kV. SPR measurements were
grerformed on a Perkin-Elmer Lambda 35 BVis spectropho-
tometer, using a diffuse reflectance accessory at°aaigle.

All the vibrational experiments (Raman and SERS) were
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Grating and pillar films were prepared by NIL in accordance
with Chou’s method? using a thin layer (200 nm) of polysty-
rene as imprint resist (Figure 1). Silver island films of 9 nm
mass thickness were deposited on the top of the patterne
substrates by PVD in a Kurt J. Lesker 4-pocket electron beam
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were made in backscattering geometry, using axl@ficro-
scope objective with a NA value of 0.90, providing scattering
areas of lum?.

bulk material. Samples for SERS were prepared by casting 2
ulL of an ethanolic solution of the analyte (¥0M) on ~5 mn?
areas of the Ag films-¢1 molecule per 20 Aon the Ag island

film; submonolayer coverage). The 520 thphonon mode of
silicon was used as an intensity standard to correct for possible
variations of the SERS intensity that are not due to substrate
enhancement. The relative enhancement factor (EF) between
two different substrates was calculated by applying eq 1:

_ ISurf.ANSurf.A

EF 1)

I Surf. BNSurf.B

whereN represents the number of molecules probed on each
substrate antithe SERS intensity. Given thBkssa andNsyri s
are similar, EF can be reduced lgs o/l surt.s.

Results and Discussion * '

Figure 2 shows scanning electron microscopy and tapping ™ .
mode atomic force microscopy (TM-AFM) images of the
substrates fabricated. Ag island films on flat substrates (AgIF)
prepared by physical vapor deposition featuree-80 nm Ag
nanoparticles (average-32 nm). NIL-patterned substrates
featured similar Ag nanopatrticle size distribution {38 nm,
average~35 nm). Four NIL substrate geometries with a
periodicity of 200 nm (Figure 2BE) and feature height of 120
nm (Figure S1, Supporting Information) were investigated: (a)
silver-coated gratings (AgG) of 150 nm separated by 50 nm
channels (Figure 2B), (b) 12&% 125 nnf silver-coated pillars
(AgP12, Figure 2C), (c) 10« 80 nn? silver-coated pillars
(AgP10, Figure 2D), and (d) 68 40 nn? silver-coated pillars
(AgP6, Figure 2F).

X-ray photoelectron spectroscopy (XPS) showed a similar
composition for all surfaces, regardless of their nanotopographies
(Figure 3A, Table 1). The spectra were dominated by Ag 3d
bands (374.2, 368.3 eV) typical of metallic Ag, with small
amounts of oxygen (1s, 529.8 eV) and carbon (1s, 284.3 eV).
Metallic Ag (~75% w/w) was mainly crystalline for all the
samples as revealed by X-ray diffraction (Figure 3B).

Remarkably, the SPR spectra varied dramatically with surface Figure 2t-_ IScarming et:ectrhon _an:i atomic(:JI force_t_microg;fipt)PEsA )of sil\{e(;

H nanoparticles grown Sical vapor deposition on fla , grate
topography (Figure A.')' The ﬂ"?‘t substrate (AgIF) featured a (B), aF\)nd piIIargd (C—E)ys%b};trates. 'FI)'he SEM scale bars are i?1 nm,
strong broad band with a maximum at 482 nm. The SPR for , ! \ho AEM scans are & 1 um?

. T ! ume,
the grated and pillared substrates were significantly red-shifted
to 615 (AgG), 660 (AgP12), 718 (AgP10), and 792 nm (AgP6). TABLE 1: Chemical Analysis of the Substrates (% Mass
Since the Ag nanoparticle size, shape, composition, crystal- Concentration)

lographic properties, and local environment for the three flat grated

substrates are similar, the red shift was attributed to a combina- element substrate substrate =~ AgP12  AgP10  AgP6
tion of short-range static dipolar coupling between nanopar- — aqg 75.8 74.8 751 73.8 76.2
ticles'é17and long-range retardation effeéés2C both the result o) 9.16 8.00 8.40 8.10 9.51
of variations in surface nanotopography. C 11.4 13.8 12.3 14.4 13.3

The optical enhancement attained on the fabricated surfaces

was tested by using dilute solutions of 2-naphthalenethiol bending (1080 cmt), ring deformation, and €S stretching
(NAT).2L This analyte was chosen because its electronic (364 cnm!) modes. A strong enhancement of the €stretching
absorption maximum at 242 nm (Figure S2, Supporting along with the disappearance of the S stretching mode (2550,
Information) is far from the laser excitation lines used (532/ 2560 cn1!) were observed due to the chemisorption of NAT
780 nm), thus eliminating the possibility for surface-enhanced on the Ag nanoparticles (Figure S4, Supporting Information).
resonance Raman scattering (SERRS) and resulting in identicalThe fact that the SERS spectra showed the same vibrational
Raman spectra with both laser lines (Figure S3, Supporting features suggests that NAT experiences the same local environ-
Information). The characteristic SERS spectra of 2-NAT (Figure ment regardless of topographical differences. However, the
5A) were similar regardless of the substrate and laser line used,absolute intensity varied significantly as a function of the SPR
and were dominated by ring stretching (1621, 1378%YpC—H position (Figure 5B). Investigation of the SERS intensity of NAT
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Binding Energy / eV 2 theta Figure 5. (A) SERS spectra of NAT acquired with 532 and 780 nm

laser lines (1x 10s scan and energy density at the sample qQi\AA).

B) Variation of the intensity of the band at 1378 chfor the two

ines as a function of the position of the SPR maxima measured under
the same experimental conditions. The green and red numbers indicate
the enhancement factor obtained for the nanoimprinted substrates (AgG,
AgP12, AgP10, AgP6) relative to the flat film (AglF). (C) SERS
mapping of NAT (1378 cmt, 20 x 20 um?, step size 1.xm) on the
substrates investigated ¢ 3s scan and energy density at the sample
of 40 uW).

Figure 3. (A) X-ray photoelectron spectra of Ag nanoparticles on flat,
grated, and pillared substrates. The spectra demonstrate that the Al
nanoparticles are chemically identical on all three substrates. (B) X-ray
diffractograms of Ag nanoparticles on flat (AglF), grated (AgG), and
pillared films (AgP12, AgP10, AgP6). Typical Ag Bragg reflections
at d(111), (200), and (220) were indexed to face-centered cubic
belonging to the=m3m [225] space group (JCPDS file No. 04-0783).

variations in surface nanotopography. In effect, the SERS spectra
of NAT are enhanced for a given laser through optimal coupling
between SPR and the incident laser line, whereas the SPR is
tuned through the control of the surface topography (pattern
and size of the features). Thus NIL appears to be a powerful
method for the fabrication of reproducible, large-scale SERS-
active substrates with optical tunability. Work is in progress to
explore this effect for applications in biosensing and cross-
reactive sensor arrays. We are also actively exploring other metal
nanoparticles (e.g., gold, silver/gold alloys) to further enhance
the optical properties of these surfaces.
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