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with Enhancement at Excitation and
Stokes Frequencies
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ABSTRACT We report a surface-enhanced Raman scattering (SERS) substrate with plasmon resonances at

both excitation and Stokes frequencies. This multilayer structure combines localized surface plasmons on the

nanoparticles with surface plasmon polaritons excited on a gold film. The largest SERS enhancement factor for a

gold device is measured to be 7.2 X 107, which is more than 2 orders of magnitude larger than that measured on

a gold nanoparticle array on a glass substrate. The largest SERS enhancement for a silver device is measured to

be 8.4 x 108
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surface plasmon

surface enhanced Raman scattering - spatial

urface-enhanced Raman scattering

(SERS) refers to the phenomenon

whereby Raman scattering is signifi-
cantly enhanced when molecules are ad-
sorbed on metallic nanostructures.' SERS is
a powerful analytical technique, enabling
molecules to be identified from their vibra-
tional spectra at very low concentrations.
The huge enhancement mainly arises from
two mechanisms: electromagnetic (EM) en-
hancement and chemical enhancement.’
The EM mechanism is related to the en-
hancement in the near field intensity as a
result of the excitation of surface plas-
mons.? Chemical mechanism is attributed
to electronic coupling between the ad-
sorbed molecules and the metal surface.? It
is believed that the EM enhancement ac-
counts for the majority of the enhancement
factor and the chemical enhancement only
contributes a small portion of the enhance-
ment on the order of 10—10%*

Noble metallic nanoparticles have been
shown to be highly effective as SERS
substrates.”” '° The excitation of localized
surface plasmons (LSPs), collective electron
oscillations in the nanoparticles, leads to gi-
ant enhancement of the local electromag-
netic field."" The LSP resonance properties
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of a metal nanoparticle depend on its size,
shape, and the permittivity, as well as the di-
electric environment.'? To increase the en-
hancement of the near field, many studies
have optimized the nanoparticle
geometry.">”'° Studies have also been car-
ried out on combining LSPs with other phe-
nomena, such as grating diffraction effects,
waveguides, and metal films, to obtain fa-
vorable properties.'® 2’

The SERS EM enhancement factor is pro-
portional to the product of the field inten-
sity (IE%l) enhancements at the excitation
and Raman scattering frequencies." For an
LSP with a single resonance, it has been
shown that the maximum SERS enhance-
ment occurs when the LSP resonance is lo-
cated between the excitation and the Ra-
man scattering frequencies.’ A large
proportion of SERS research has employed
substrates that provide a single LSP
resonance.

Here, we investigate a double-resonance
SERS substrate that has advantages com-
pared to single-resonance SERS structures.
Recently, we demonstrated strong coupling
between LSPs and surface plasmon polari-
tons (SPPs) in a structure consisting of a
gold disk array, an SiO, spacer, and a con-
tinuous gold film.?? In this work, we investi-
gate the use of this structure for SERS, mo-
tivated by the increased field enhancement
predicted by our previous study,*? in com-
parison to nanoparticles on a glass sub-
strate (with no gold film). Our electromag-
netic simulations predicted that the
intensity enhancement (square of electric
field, IE?1) on the surface of a single gold disk
separated from a gold film by a spacer layer
is 1 order of magnitude higher than that of
a gold disk with the same dimensions on a
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glass substrate.?? This is due to the interaction be-
tween the localized surface plasmon on the gold disk
and its image excited in the gold film.?? In addition, the
simulations predicted that the intensity enhancement
of each disk of an array above a gold film is twice as
large as that of a single disk above a gold film.2? This is
due to the fact that, when the array periodicity is appro-
priately chosen, the strong coupling between the LSP
and the SPP enhances the near field intensity.>* Besides
the large near field enhancement, the structure has a
double-resonance spectrum, which is another favorable
feature for SERS. Different from single-resonance struc-
tures, the double-resonance structure, with near-field
intensity peaking at two resonance frequencies, pre-
sents the opportunity for simultaneous enhancement
at both the excitation and the specific Raman Stokes
lines.

In this work, we present results on the use of double-
resonance plasmon substrates for SERS. SERS spectra
of benzenethiol molecules adsorbed on double-
resonance substrates with different periods are shown.
The SERS enhancement factor (EF) for the double-
resonance structure is found to be more than 2 orders
of magnitude larger than that of a regular gold nano-
particle array on a glass substrate. We find that the
double resonance structure with optimal array period
produces considerably higher SERS EF than the struc-
tures with nonoptimal periods. In fact, despite the fact
that the optimal structure is less dense, that is, has a
larger array period, the total SERS signal is found to be
larger than those obtained from more densely spaced
structures with nonoptimal periods due to the larger EF.
The largest SERS enhancement factor for the 1074 cm™!
Raman line of the benzenethiol molecule is measured
to be 8.4 X 108,

The schematic of the structure is shown in Figure
1a. The gold device consists of a 100 nm thick unpat-
terned gold film, an SiO, spacer and a square gold disk
array. The fabrication method is described in ref 22. A
scanning electron micrograph (SEM) of the fabricated
structure is shown as Figure 1b. The thickness of the
SiO, spacer is 23 nm and the refractive index of the SiO,
is 1.44, as measured by ellipsometry. The overall size of
the gold disk array is 100 X 100 pwm. The array periods
vary from 350 to 780 nm. The gold disks are 40 nm thick,
with diameters ranging from 120 to 140 nm. The silver
device consists of a 100 nm thick silver film, an SiO,
spacer deposited by ebeam evaporation, and a square
silver disk array. The SiO, spacer is 27 nm thick and the
refractive index of the SiO, spacer is 1.44, as measured
by ellipsometry. The silver disks are 40 nm thick, with di-
ameters ranging from 140 to 150 nm. The array period
is 780 nm. For the SERS measurements, self-assembled
monolayers of benzenethiol molecules are formed on
the gold disks. This is performed by immersing the de-
vices in a 3 mM solution of benzenethiol in ethanol for
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Figure 1. (a) Schematic of gold double resonance structure.
(b) Scanning electron micrographs (SEM) of gold disk array
on SiO, spacer and gold film.

1 h, rinsing with neat ethanol, and then blow drying
with nitrogen.

The double resonance structure we investigate here
combines LSP and SPP resonances. The LSP resonance
frequency is determined by the size and shape of the
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Figure 2. Reflection measurement setups for (a) collimated
incidence and (b) focused incidence. (c) Measured reflection
spectra of gold disk array on SiO, and gold film for collimated
and focused incidences (5x or 20X objectives). Gold disks
are 130 nm in diameter and are 40 nm thick. Array period is

780 nm.
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Figure 3. (a) Extinction cross sections for three gold disk arrays
on SiO, and gold film: black, disk diameter d = 135 nm, array
period a = 350 nm; red, disk diameter d = 130 nm, array pe-
riod a = 500 nm; green, disk diameter d = 133 nm, array pe-
riod a = 780 nm; dashed lines, wavelengths of the excitation,
420 and 1074 cm™~' Raman lines. (b) SERS spectra for three
structures. CCD integration time: 30 s. (c) Extinction cross sec-
tion and SERS spectrum of array with period of 780 nm.

gold disk, as well as the refractive index of the surround-
ing medium. On the other hand, the SPP resonance fre-
quency is determined by the component of the
wavevector parallel to the interface, in addition to the
refractive indices of the gold and of the surrounding
medium. It is therefore determined by the array period
and the angle of incidence of the illumination. We
hence expect the illumination and collection configura-
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tions to influence the SERS measurements. To investi-
gate this, we measure far field reflection spectra with
collimated and focused illumination. The setups are
shown in Figure 2a,b. In the collimated incidence case,
a collimated white light beam illuminates the structure
through a beam splitter, with the reflected light being
collected by a 10X objective. In the focused incidence
case, the incident light is focused by either a 5X objec-
tive (NA = 0.1) or a 20X objective (NA = 0.4), with the
reflected light being collected by the same objective.
The reflected light is collected into a spectrometer. An
iris is used at the image plane of the objective to ensure
that only the light reflected by the array is detected.
To account for the spectrum of the source (Xe lamp),
the transmission spectra of the optical components,
and the detector response, reference measurements
are made. These consist of spectra measured on a re-
gion of the sample away from the gold disk array, that
is, consisting of the SiO, spacer on gold film. These
spectra are recorded under identical conditions as the
spectra of the gold disk arrays. The normalized reflec-
tion spectra are then found by dividing the gold disk ar-
ray spectra by the reference spectra. This method there-
fore takes the reflectance of the gold film and spacer
layer to be unity, for simplicity. Normalized reflection
spectra of a gold disk array with period of 780 nm on
an SiO; spacer with an underlying gold film under colli-
mated or focused (5X or 20X objective) illumination
are shown as Figure 2c. The gold disks are 130 nm in di-
ameter. For this period and disk diameter, the reso-
nance frequency of the LSP of a single, isolated gold
disk above a gold film (with a spacer layer) would be ap-
proximately equal to the resonance frequency of the
SPP mode, were they uncoupled. In the structure un-
der study, however, the LSP and SPP are strongly
coupled, leading to the repulsion of the resonances
seen in the spectrum obtained with collimated inci-
dence. In the spectrum collected by the 5X objective
with a NA of 0.1, some small features can be seen be-
tween the two primary resonances. These small features
are due to the spread in the illumination angles. As
the spread of the incident angle increases with the use
of a larger NA objective (20X, NA = 0.4), the features in
the middle become prominent. These additional reso-
nances are believed to be related to the field polarized
normal to the sample surface, which excites the vertical
particle resonance.? It also can be seen that the reso-
nance depth decreases as the NA of the objective in-
creases, implying that the near field enhancement is
larger for the smaller spread of incident angles. How-
ever, the Raman spectrometer used for the SERS mea-
surements (Renishaw confocal microscope) does not al-
low collimated illumination, unlike the setup of Figure
2a. As described later, we therefore perform SERS mea-
surements using a 5X objective with a low NA.

To characterize the optical properties of the struc-
tures used in the SERS measurements, reflection mea-
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surements are made using the setup shown in Figure
2b, equipped with a 5X objective with an NA of 0.1. The
adsorption of benzenethiol molecules on the gold disks
can result in shifts of the LSP and SPP resonances be-
cause it changes the refractive index of the medium sur-
rounding the gold disks. The reflection spectra are
therefore taken after the formation of the benzene-
thiol monolayer. To compare the optical properties of
samples with different periodicities, the extinction cross
section associated with each gold disk is found. This
quantity is calculated from the normalized reflection
spectra by the relation Cet = (1 — R) X a? where R is
the normalized reflectance and a is the period of the ar-
ray. The disk diameter and the array period are chosen
so that plasmon resonances occur at the wavelengths
of the excitation and of the 1074 cm™' Raman line of
benzenethiol. Figure 3(a) plots the extinction cross sec-
tions as a function of wavelength for three structures.
For the first structure (black curve), the gold disks have
diameters of 135 nm and a period of 350 nm. The reso-
nance at 833 nm corresponds to the LSP of the gold
disks. For the second structure (red curve), the gold
disks have diameters of 130 nm and a period of 500
nm. The resonance at 813 nm corresponds to the LSP
of the disks, and the small resonance at 568 nm corre-
sponds to the (p,q) = (1,0) SPP mode. Here, (p,q) refers
to the reciprocal lattice vector of G = (2m/a)\/p? + ¢*
provided by the lattice, where a is the period. For these
two structures, the LSP and SPP are weakly coupled.
For the third structure (green curve), the gold disks have
diameters of 133 nm and a period of 780 nm. In con-
trast to the first two structures, the LSP and SPP are
strongly coupled, resulting in repulsion of the reso-
nances, as described previously. The peak value of the
cross section for the strong coupling case is larger than
that of the weak coupling cases, implying that the cou-
pling of LSP and SPP enhances the local field still fur-
ther. These results are consistent with the simulation
predictions.??

To investigate the near field properties of the struc-
tures, we use the finite-difference time-domain (FDTD)
method to calculate the near field spectra and the near
field intensity distribution. Using the same method de-
scribed in ref 22, we first simulate the near field spectra
for the structure with array periods of 500 (weak cou-
pling) and 780 nm (strong coupling). The field intensity
at the edge of the gold disk at the interface between
the gold disk and the SiO, spacer is recorded. The gold
disk is 133 nm in diameter and 40 nm thick. The SiO,
spacer is 25 nm thick with refractive index of 1.44. Fig-
ure 4a shows the near field spectra. The structure with
period of 500 nm (black curve) has a resonance at A =
827 nm, which corresponds to the LSP resonance and a
small feature at \ = 586 nm, which corresponds to the
(1,0) SPP mode at the interface of the gold film and the
SiO; spacer. The structure with period of 780 nm (red
curve) has double resonances at A = 794 and 860 nm
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Figure 4. (a) Simulated near field intensity spectra: gold disk diam-
eter, 133 nm; SiO, spacer thickness, 25 nm; black, weak coupling
case with array period of 500 nm; red, strong coupling case with ar-
ray period of 780 nm. Inset: expanded view of near field spectra
over the range A = 500 nm to 700 nm. (b) Top view of the struc-
ture in the simulation. (c—f) Intensity (|E;|) distributions of scat-
tered field on the cross section perpendicular to substrate for illumi-
nation at (c) A = 586 nm and at (d) A = 827 nm for the 500 nm
period array, at (€) A = 794 nm and at (f) A = 860 nm for the 780
nm period array.

and a small feature at A = 627 nm corresponding to
the (1,1) SPP mode on the gold film. We calculate the
field intensity (|E]?) distribution on the cross sections
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perpendicular to the substrate for excitation at A =
586 and 827 nm for the 500 nm period array and at
794 and 860 nm for the 780 nm period array. The cross
section’s position is shown in Figure 4b. The interfer-
ence between the incident field and its reflection from
the gold film gives a fringe pattern in the space
above the gold film that complicates physical interpre-
tation of the field patterns arising from the LSP and SPP
resonances. To mitigate this, we therefore calculate
the intensity of the scattered, rather than total, field.
Reference calculations are made of structures consist-
ing of an SiO, spacer on an unpatterned gold film. The
scattered field E; is then obtained by subtracting the
field of the reference calculation from the field calcu-
lated for the SERS substrate, that is, with the addition
of the gold disks. In this way, the fields arising from the
LSP and SPP resonances can be visualized. Figure 4c—f
show the scattered field intensity (|E|?) distribution at
= 586 and 827 nm for the 500 nm period array and at
N\ = 794 and 860 nm for the 780 nm period array. It can
be seen that, for the 500 nm period array at A\ = 827
nm, the field is mainly confined around the gold nano-
particle, which is the character of the LSP. In contrast,
for the 500 nm period array at A = 586 nm, the evanes-
cent field above the gold film indicates the excitation
of the SPP mode on the interface of the gold film and
the SiO, spacer. For the 780 nm period array, at both A
= 794 and 860 nm, enhanced near fields in the vicinity
of the gold nanoparticle can be seen, but with the addi-
tion of an extended evanescent field above the gold
film, which is the character of the SPP. These results in-
dicate that the two resonances for strong coupling case
carry both the characters of LSPs and SPPs.

The SERS measurements are carried out on a Ren-
ishaw confocal Raman microscope with excitation at
N\ = 783 nm. The Raman signal is collected by a 5X ob-
jective (NA = 0.12) and recorded by a thermoelectri-
cally cooled CCD array. To determine the SERS enhance-
ment factor, measurements are made on a 500 pm
thick sample cell containing a neat solution of ben-
zenethiol. The SERS enhancement factor is determined
from EF = (ISERS/NSERS)/(IRF/NRF)- ISERS and IRF are the inten-
sities of a specific Raman line for the SERS substrate
and reference sample, respectively. Nsggs and Ngr are
the numbers of probed molecules in the laser spot
for the SERS substrate and reference sample, respec-
tively. The intensity is calculated from the integral of the
Raman line of the measured spectrum from which the
background has been subtracted and normalized by
the laser power and CCD integration time. For Nsgs, we
assume the benzenethiol surface density is 6.8 X 10'
cm 2. The surface area taken for each gold disk ac-
counts for the top surface as well as the side walls.
Therefore, Nsgps is calculated as Nsggs = psSgold A/d?,
where p; is the benzenethiol surface packing density,
Sgold is the surface area of one gold disk, a is the period
of the array, and A is the laser spot area. N is calculated

using the molecular weight and volume density of ben-
zenthiol, together with the detection volume. Due to
the variation in intensity and collection efficiency with
position, the contribution of each molecule in the ben-
zenethiol solution to the measured Raman signal de-
pends on its position. Following the approach of Cai et
al.** the detection volume is defined as the volume of a
hypothetical cylinder for which the intensity and collec-
tion efficiency do not vary along the length of the cyl-
inder but only with radial position, where they take val-
ues equal to those at the plane of focus in the
experiment. The length of the cylinder is chosen so
that the total Raman signal resulting from the hypo-
thetical cylinder is equal to that of the experiment.*
Therefore, the detection volume can be calculated as
hA, where h is the effective confocal length, that is, the
height of the cylinder. To find the detection volume, we
measure the effective confocal length by translating a
reference Si sample through the focal volume, and re-
cording the Raman signal at each position.?*”2° For the
5X objective we use, the confocal length is about 2.9
c¢m, which is much greater than the thickness of the
neat benzenethiol sample. Therefore, the thickness of
the neat benzenethiol, 500 m, is used to calculate the
detection volume. Therefore, Ngr can be calculated
from Nge = NaphA/M, where N, is Avogadro’s number,
p is benzenethiol density, h is the thickness of the neat
benzenethiol sample, and M is molar mass of ben-
zenethiol molecules.

The positions of the excitation laser and the Raman
Stokes bands 421 and 1074 cm™" of the benzenethiol
molecule are shown as dashed lines in Figure 3a. For
each periodicity, that is, 350, 500, and 780 nm, differ-
ent arrays with varying disk diameters are characterized
by reflection measurements and SERS measurements.
The LSP resonance wavelength changes with the disk
diameter. The curves in Figure 3a are spectra of the ar-
rays that give the highest enhancement factor of the
1074 cm™' Raman line for each periodicity. The en-
hancement of a Raman line depends on the near field
enhancement at the wavelengths of both the excitation
and the Raman line. For the structure with a period of
780 nm, it can be seen that the wavelengths of the ex-
citation laser and the 1074 cm™! Raman line match the
resonance positions closely. For the structures with pe-
riods of 350 and 500 nm, it is found that the enhance-
ment factor of the 1074 cm™~' Raman line is largest
when the LSP resonance wavelength is located be-
tween the wavelengths of the excitation and the 1074
cm™ " Raman line. This behavior is in agreement with the
results of ref 5. The Raman spectra of benzenethiol ad-
sorbed on the three structures are shown in Figure 3b.
Figure 3c shows the reflection spectrum and the SERS
spectrum of the 780 nm period array as a function of
wavelength. The background of the SERS spectrum
comes from fluorescence of the SiO, layer. It can be
seen that the background of the SERS spectrum has a
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very similar shape to the reflection spectrum (Figure
3c¢). The distinctly strong signal around 1100 cm™! cor-
responds to the position of the lower energy resonance
of the 780 nm period array. The intensity of the 421
c¢m~ " Raman line is much larger for the 500 nm period
array than the 780 nm period array. For the 780 nm ar-
ray, the 421 cm ™! line is located near a dip in the extinc-
tion spectrum, implying that the enhancement of the
421 cm™ " Raman line is small for that array. On the other
hand, the plasmon resonance for the 500 nm array is
close to the 421 cm™ line. The enhancement of the la-
ser excitation is likely to be stronger for the 780 nm ar-
ray than the 500 nm array due to 780 nm array having a
plasmon resonance close to the laser frequency. None-
theless, the data suggests that the stronger enhance-
ment of the 421 cm ™! line for the 500 nm period array
leads to a larger overall SERS enhancement. From the
data, the EFs of the 1074 cm ™' Raman line are found to
be 6.5 X 10° for the 350 nm period array, 1.0 X 107 for
the 500 nm period array, and 7.2 X 107 for the 780 nm
period array. The EFs of the 421 cm™~' Raman line are
found to be 2.3 X 106 for the 350 nm period array, 1.1
X 107 for the 500 nm period array, and 1.2 X 10° for the
780 nm period array. The strong coupling case (i.e., the
780 period array) provides SERS EF for the 1074 cm ™!
line that are 7—11 times larger than that of weak cou-
pling cases (350 and 500 nm period arrays), as it offers
strong enhancement of the excitation and the Raman
scattered signal simultaneously. The total SERS signal of
the 1074 cm ™' Raman line is higher for the 780 nm pe-
riod array than that of the 350 and 500 nm period ar-
rays, though the number of the probed molecules on
it is smaller for the 780 nm period array due to the
smaller density of gold nanoparticles. For comparison,
we also fabricate gold disk arrays on a glass substrate
and determine the EF of the 1074 cm™' Raman line us-
ing the same method. The arrays are arranged as square
lattices with periods of 300 or 450 nm. The thicknesses
of the gold disks are 40 nm and a variety of samples are
fabricated, with disk diameters ranging from 170 to
200 nm. The largest SERS enhancement of the 1074
cm~! Raman line is 3.9 X 105, found on the array with
period of 450 nm and disk diameter of 180 nm. The ex-
tinction spectrum of this array (not shown) reveals that
the LSP resonance is located between the wavelengths
of the excitation and the 1074 cm~' Raman line. Com-
pared with the gold nanoparticle array on glass sub-
strate, the double-resonance structure offers SERS EF
more than 2 orders of magnitude higher.

We also fabricate silver double-resonance struc-
tures. Compared with gold, silver has less loss. There-
fore, a higher SERS EF is expected for silver devices. Fig-
ure 5 shows the extinction spectrum and SERS
spectrum of a structure consisting of a 100 nm thick sil-
ver film, a 27 nm thick SiO, spacer, and a silver disk ar-
ray with a period of 780 nm. The silver disks are 147 nm
in diameter and 40 nm thick. The extinction spectrum
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Figure 5. Extinction cross section and SERS spectrum of the
silver device.

is taken after the coating of the benzenethiol mono-
layer. Similar to the gold device, the strong coupling be-
tween the LSP on the silver disks and the SPP on the sil-
ver film results in the double resonances. The excitation
laser is at A = 782 nm, which matches with the high en-
ergy resonance. The strong enhanced SERS signal
around 850 nm corresponds to the low energy reso-
nance. The EFs of the 421and 1074 cm™' Raman lines
are found to be 7.7 X 107 and 8.4 X 108, respectively.

In summary, we demonstrate that coupling between
LSPs and SPPs enhances the local field intensity and
leads to double-resonance features in the extinction
spectra of the multiple-layer structure. The SERS en-
hancement for the double-resonance structure is more
than 2 orders of magnitude higher than that of a gold
disk array on a glass substrate. The largest SERS en-
hancement factor is measured to be 7.2 X 10 for gold
devices and 8.4 X 108 for silver devices. With the mech-
anism demonstrated above, the double resonance
structure could be optimized further. The near field en-
hancement of nanoparticles depends on their shape.
We anticipate that even larger SERS enhancements will
be possible through the use of nanoparticles with other
shapes, for example, triangles or rings. Similarly, pairs of
particles separated by small gaps could provide a
means for improved SERS EF.
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