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Abstract

®

CrossMark

In this paper we report a triple-resonance surface-enhanced Raman scattering (SERS) chip that is
able to provide simultaneous field enhancement for both the Stokes and anti-Stokes lines. The
structure consists of an array of periodic gold bowties placed on the surface of a uniform gold
film. It can support two localized surface plasmonic resonances (LSPRs): an electric dipole
binding resonance (EDBR) and a magnetic dipole resonance (MDR). A third field enhancement
peak is obtained by utilizing the strong interaction between the non-localized surface plasmonic
resonance (non-localized SPR) and the LSPR, which greatly raises the field enhancement for the
non-localized SPR. In addition, a gold strip-line resonator is incorporated to further enhance the
local field intensity. Consequently, the field enhancement of the three peaks are all increased.
Compared with the same structure without strip, the periodic bowtie-strip compound structure on
gold film can gain as much as ~22.8 times and ~3.6 times larger Raman intensity enhancement

simultaneously for both the Stokes and anti-Stokes lines.

Keywords: triple-resonance, Raman enhancement, surface plasmonic resonance

1. Introduction

Raman scattering is the inelastic scattering process between a
photon and a molecule, mediated by a fundamental vibra-
tional or rotational mode of the latter [1, 2]. The scattered
photon energy can both shift up (anti-Stokes) and down
(Stokes) due to the energy exchange between the scattering
partners. Raman scattering is extremely weak since only a
small fraction of photons (approximately one in 10 million)
are inelastically scattered. As a result, surface-enhanced
Raman spectroscopy (SERS) is proposed to hugely increase
the Raman scattering by exploiting the highly localized
near field of the metallic nano-structures [3, 4]. Metallic

2040-8978/15/105001+07$33.00

nanostructures that support plasmonic resonances can con-
centrate light into a deep-subwavelength region and thus the
local near field can be much larger than the incident field [5].
The enhancement factor in SERS is proportional to the pro-
duct of the intensity enhancement at the excitation frequency
and that at the scattering frequency [4]. It becomes a usual E*
dependence on the EM field when the Raman excitation and
scattering are very close to each other in spectrum [6].
Various types of metallic nano-structures are used as
SERS substrates in the early stage, such as metallic electrodes
with rough surfaces [7], metallic nano-particles in solutions
[8], metal covered nanostructures [9] and so on. With the
development of nanolithography methods, planar metallic
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structures attract much more attention in SERS detection
because of their high reproducibility compared to other SERS
structures [10]. Among them, triangular-shaped nanoparticles
in a tip-to-tip configuration, the so-called bowtie, demonstrate
outstanding performance in SERS due to the gap mode and
the lightning-rod effect [11, 12]. It has been demonstrated
experimentally that high-quality bowtie structure (sharp tips,
small gaps under 10 nm and high uniformity) can be precisely
manufactured by the state-of-the-art electron beam litho-
graphy (EBL) technology on different substrates [12—15].

Most of these metallic nano-structures support one single
resonance, which is enough for Raman enhancement when
the Raman emission is near to the excitation in frequency.
However, when the energy difference between the Raman
emission and excitation is large, typical applications like
SERS detection in long wave number (for example, C-H
vibration, ~3000 cm™") or surface enhanced nonlinear Raman
scattering, such as surface enhanced hyper Raman scattering
(SEHRS) [16, 17], the performance of single-resonance
plasmonic structures in these cases would be largely limited
by the bandwidth. Besides, in some applications, the intensity
ratio of anti-Stokes over Stokes signals are required to obtain
information on laser heating effect [18], molecule vibrational
pumping [19] and so on. To meet the large field enhancement
requirements in these applications, a triple-resonance SERS
chip is put forward to provide simultaneous field enhance-
ment at the frequencies of the excitation, Stokes and anti-
Stokes scattering. Such a triple-resonance SERS chip can also
work in a dual-resonance condition with two major EM field
enhancement peaks to provide enhancement to both the
excitation and the Raman scattering.

As we know, there are two types of plasmonic reso-
nances: the localized surface plasmonic resonance (LSPR)
and the non-localized surface plasmonic resonance (non-
localized SPR) [6]. Our triple-resonance SERS chip is
achieved by utilizing both the LSPRs and the non-localized
SPR, especially the strong interaction between them. We start
with a periodic gold bowtie structure placed on a uniform
gold film. It has been known that two LSPRs are supported in
this structure, i.e. the electric dipole binding resonance
(EDBR) and the magnetic dipole resonance (MDR) [14].
However, in our study, it has been found that, besides the two
LSPRs, a non-localized SPR can also be excited on the cor-
rugated surface of the periodic structures when the wave
vector is matched. At the same time, by changing the period
of the bowtie array, strong interaction can be induced between
the LSPRs and the non-localized SPR when their resonant
frequency gets near to each other [20-23]. By utilizing the
strong interaction, three electric field enhancement peaks can
be achieved and thus can be used to simultaneously enhance
the Stokes and anti-Stokes lines.

Moreover, to further enhance the field intensity of the
gold bowtie SERS chip, a gold strip-line resonator is inte-
grated with the bowtie to couple more light into the ‘hot spot’
(the position with the highest field intensity). It has been
found as a result that the field intensities of all the three
plasmonic resonances can be simultaneously increased by the
added gold strip-line. However, the degree of enhancement

for each peak varies quite differently. For example, the
enhancement effect of the gold strip-line on the EDBR is very
minor compared to that on the MDR. This is because the
MDR is a sub-radiant resonance and thus the strip-line can
not only couple more incident light into the hot spot, but also
can increase the excitation efficiency of the mode. More
interestingly, the field intensity of the non-localized SPR can
both be increased and decreased by the strip-line according to
the width of the strip-line. By way of optimization of the
width, it has been demonstrated that the bowtie-strip can
provide Raman intensity enhancement simultaneously on
both the Stokes and anti-Stokes lines at 1800 cm_l, by as
much as ~22.8 times and ~3.6 times larger than that provided
by the same gold bowtie array without the strip-line. Mean-
while, when the gold bowtie-strip array grew on gold film
structure works in dual-resonance condition, for example, to
enhance Stokes signal at 3000 cm_l, the Raman intensity
enhancement of the new bowtie-strip array structure can
achieve 108, twice as large as the same structure without the
gold strip, one order in magnitude larger than that of the
single bowtie structure on gold film (also support two LSPR
resonances) and two orders of magnitude larger than other
single-resonance bowtie structures, including the free-stand-
ing bowtie array and the bowtie array/50 nm glass/gold film
structures.

2. Results and discussion

We perform the finite-difference-time-domain (FDTD)
simulations using a commercially available software package
(Lumerical Solutions, Inc. [24]) to understand the optical
properties of the non-localized SPR. The schematic of the
structure is shown in figure 1(a) with magnified unit cell
(enclosed in dashed box) shown in the inset. The bowtie
structure has an arm length (L) of 0.12 um, thickness (T) of
0.055 um, apex angle (0) of 50°, and gap size (g) of 0.01 ym.
The radii (r) of the curve at constituent triangle tips are set to
be 0.015 ym. The grating constant is set to be 0.8 ym to let in
the higher order non-localized SPR. Ther of the bowtie along
the x-axis on the uniform gold surface. The field enhancement
(normalized by the correspondie direction along the bowtie
arm is set to be the x-axis, and the y-axis is chosen perpen-
dicular to arm length in the bowtie plane. In the simulation,
the plane wave is used as the excitation source incident from
the top with electric field polarized along the x-axis. The
boundary conditions in the x- and y-axes are set to be periodic
and set to be perfect matched layers (PMLs) in the z-axis. The
mesh size is 0.5 nm which is much smaller than the element
sizes and the operating wavelength. The complex dielectric
constant of gold is taken from the experimental data reported
in [25]. The whole structure is placed in a vacuum environ-
ment. The tolerance of our structure is numerically investi-
gated. It is found that the resonant frequencies and field
enhancement of both LSPRs are largely influenced by the
variation of the gap size and only the MDR is influenced by
the thickness. Both LSPRs show little dependence on struc-
ture parameters including the round corner radii and the arm
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Figure 1. (a) A schematic diagram of the gold bowtie array structure on a uniform gold film is shown with structure parameters shown in the
inset; L=0.12 ym, T=0.055 ym, 6=50°, g=0.01 ym, r=0.015 ym, P,=P,=0.8 um; (b) the green curve represents the field enhancement at
point P; and the blue curve corresponds to the E, amplitude at point P,.

length. Thus, in the experiment, the gap size and the thickness
need to be precisely controlled [26, 27]. Two point monitors
are placed to detect the electric field. One point monitor P is
placed on the top surface of the bowtie and in the middle of
the gap. The other point monitor P, is placed a quarter period
away from the centng electric field when the plane wave
illuminates the same space without the whole structure)
spectrum at P; is shown in figure 1(b) (the green curve) with
two distinct peaks at 0.607 ym and 0.732 ym, which corre-
spond to the EDBR and MDR, respectively. Besides the two
LSPRs, the non-localized SPR can also be excited in the
corrugated surface when the wave vector is matched.
Assuming that the dispersion properties of the non-localized
SPR are not disturbed by the corrugated surface, the resonant
wavelength of the non-localized SPR on the smooth metal—air
interface can be approximated by the following equation
according to momentum conservation at normal incidence

[28].
1 EmEair
2 Em + Eair

A(m, n) =

ey

where, ¢, and &,;, are the permittivity of the metal and the air,
respectively, and m and n are integers that represent the
diffraction order along the x and y axes, respectively.
According to equation (1), the resonant wavelengths of the
non-localized SPR (1, 0) and (1, 1) are 0.817 yum and
0.578 um, respectively. As a result, the two minor dips at
0.829 ym and 0.582 ym in the field enhancement spectrum
just represent the (1, 0) and (1, 1) non-localized SPR. To
confirm this, the E, field amplitude at P, (the field maximum
position of the non-localized SPR) is shown (the blue curve)
in figure 1(b). As expected, distinct peaks are observed at the
two resonant frequencies corresponding to the two minor dips
in the field enhancement spectrum. The dips in the field
enhancement spectrum are an interaction result with the

adjacent LSPRs, which will be extensively studied in the
following part.

To extensively study the interaction between the LSPRs
and the non-localized SPR, the spectra of the field enhance-
ment at point P; is scanned with P, from 0.3 ym to 0.8 ym. In
figure 2, two distinct field enhancement peaks can be
observed when P, is small, which correspond to the EDBR at
the shorter wavelength and the MDR at the longer wave-
length. As P, increases, another field enhancement peak
appears, for which its resonant frequency changes linearly
with P,. The third enhancement peak is contributed by the
(1,0) order non-localized SPR. When m=1,n=0, and ¢,;, =1,
we have:

Em

A, 0) =P, |——
en+ 1

2

The dashed white lines in figure 2 are drawn according to
equation (2). It can be seen that the theoretical results repre-
sented by the dashed white line actually indicate a reasonably
good match to the numerically calculated resonant frequency
of SPR in the linear region. However, when the resonant
frequency of the non-localized SPR approaches that of the
EDBR and the MDR, an obvious anti-crossing behavior of
the resonance positions appear due to a strong interaction
between the LSPRs and the non-localized SPR. By utilizing
the strong interaction, three enhancement peaks can be
achieved to simultaneously enhance the Stokes and anti-
Stokes lines, and this effect will be further discussed later. In
addition to an influence on the resonant frequency, the field
enhancement is also affected by the strong mode interaction.
Clearly, the maximum field enhancement appears when the
non-localized SPR is under a strong interaction with the
LSPRs. However, the large increase in the field enhancement
of the non-localized SPR is accompanied by a decrease in the
field enhancement of both the EDBR and the MDR, which
indicates that the resonant energy is actually transferred from
both the LSPRs to the non-localized SPR through the
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Figure 2. Two dimensional field enhancement spectra of the gold bowtie array structure with (a) L=0.08 ym and (b) L=0.12 gum. The
schematic of the bowtie: T=0.055 um, §=50°, g=0.01 ym, r=0.015 ym, P, =0.4 ym.
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Figure 3. Two-dimensional field enhancement spectra of the gold bowtie array structure with (a) P,=0.4 ym and (b) P,=0.65 ym. The
schematic of the bowtie: L=0.12 ym, T=0.055 um, =50°, g=0.01 gm, r=0.015 um, P, =0.4 ym.

interaction between them. In figure 2(b), when P, equals
0.3 ym, the resonant frequencies of the EDBR and the MDR
red and blue shift, respectively, due to a formation of the
binding and anti-binding mode with the neighboring bowtie
[29]. This binding mode can further increase the field
enhancement of the EDBR while the anti-binding mode
decreases the field enhancement of the MDR.

In figure 3, the field enhancement spectra is studied in the
same way as that in figure 2 with P, being scanned from
0.4 ym to 0.8 ym. In contrast, the resonant frequencies of both
the LSPRs and (1,0) SPR are hardly shifted. In figure 3(a), it
is seen that the field enhancements of both the EDBR and the
MDR vary very little. However, in figure 3(b), three
enhancement peaks are observed due to the strong mode
interaction. Moreover, the field enhancement of the EDBR
and the MDR increases while that of the non-localized SPR
decreases. From the previous discussion, we have already

known that the strong mode interaction would lead to the
resonant energy transformation from the LSPRs to the non-
localized SPR. Thus, it is believed that the interaction strength
between the non-localized SPR and the LSPRs decreases with
an increase in Pj.

In order to further increase the field intensity of the triple/
dual-resonance plasmonic Raman chip, a gold strip-line
resonance is integrated with the bowtie. The schematic of the
bowtie-strip array/gold film structure is shown in figure 4(a).
The direction of the gold strip is perpendicular to the long
axis of the bowtie. A careful attention must be paid to dis-
tinguish between our gold bowtie-strip structure placed
directly on gold film and the three layer structure having a
dielectric spacer between the above antenna and the mirror
ground [30, 31]. Despite the similarity in the structure, the
resulting optical spectrum is quite different. With a dielectric
spacer, only one LSPR can be excited. Dual-resonance can
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Figure 4. (a) The schematic of the gold bowtie-strip array on uniform gold film; (b) field enhancement spectra of the gold bowtie-strip array
when the width of the strip-line increases; L =0.08 ym, T=0.048 ym, 6=50°, g=0.01 ym, r=0.015 ym, P,=0.62 ym, P, =0.4 ym.

only be achieved by strong interaction with the non-localized
SPR supported in the ground mirror. The maximum number
of the field enhancement peaks are two at most. However, by
removing the dielectric spacer, two independently tunable
LSPRs can be excited simultaneously and three enhancement
peaks can be achieved in our chip. Moreover, the function of
the strip-line is more complex here. In [28], a strip-line is
mainly used to increase the radiation directivity as well as to
couple more light into the hot spot. In our structure, however,
besides the two functions, the strip-line can also be used to
increase the excitation efficiency of the MDR. So the max-
imum intensity enhancement for one peak provided by the
strip-line is ~6.8 times, which is much larger than that
reported in [28].

In figure 4(b), the field enhancement spectra are shown
for the case when the width of the strip-line is steadily
increased. It shows that the field enhancement of the MDR
increases quickly as the strip-line width increases wider and
wider. The reason behind this effect is clear. When the width
of the strip-line increases, the light coupling ability is also
increased and thus more incident light can be coupled into the
hot spot, thereby increasing the field enhancement. However,
the increasing rate of the field enhancement of the EDBR is
much slower compared to that of the MDR. This is because
the MDR is a sub-radiant mode and thus the strip-line can not
only couple more incident light into the hot spot but also can
greatly increase the excitation efficiency of the mode by
introducing more scattering. More interestingly, the field
enhancement of the non-localized SPR varies with the width
of the strip-line. The maximum and minimum peaks in the
field enhancement is attributed to the constructive and
destructive interference between the directly excited and the
reflected non-localized SPR. Meanwhile, as can be seen,
when the width is larger than 0.25 ym, the resonant frequency
of the non-localized SPR shows a clear red-shift, leading to a
relatively broad enhancement region.

From the previous discussion, it can be seen that the three
field enhancement peaks can be achieved by a strong

interaction between the non-localized SPR and the LSPRs.
Thus, the resonant frequency of the three peaks can be
carefully tuned to simultaneously enhance the excitation,
Stokes and anti-Stokes lines. The EDBR and MDR provide
the field enhancement to the anti-Stokes line and Stokes line,
respectively. The non-localized SPR provides the field
enhancement to the excitation wavelength. Here, the excita-
tion wavelength is chosen to be at 0.633 ym. The Stokes and
anti-Stokes lines are at 0.715 ym and 0.568 pum, respectively,
corresponding to a wave number of about 1800cm™'. In
figure 5(a), it is seen that both the bowtie array and bowtie-
strip can be used to realize this function. However, the
enhancement abilities are quite different. By integration with
an optimized strip-line (red line), it is found that three
enhancement peaks can all be increased. The total Raman
intensity enhancement of the bowtie-strip array on the Stokes
and anti-Stokes lines are ~22.8 and ~3.6 times larger than
that on the gold bowtie array without the strip-line (both
structures are on gold film).

In figure 5(b), the gold bowtie structure is designed to
enhance the Stokes line at ~3000cm™". It is seen that the
bowtie-strip array grew on gold film (green curve) provides
two distinct field enhancement peaks and the total Raman
intensity enhancement can be over 10® in the middle of the
10 nm gap. Compared to the same structure without the gold
strip (cyan curve), the Raman enhancement factor is twice
larger. Compared to the single bowtie on uniform gold film
(black curve), which also support the two LSPRs, the total
Raman enhancement factor is increased by one order in
magnitude. The field enhancement spectra of other single-
resonance structures, including the free standing bowtie array
(blue curve) [14] and the bowtie array/50 nm glass/gold film
(red curve) [30], are also shown for comparison. It can be
calculated that the total Raman enhancement factor of both
single-resonance bowtie structures is two orders in magnitude
lower than that of the bowtie-strip array grew on uniform
gold film.
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Figure 5. The field enhancement spectra of (a) triple-resonance: the black line represents the bowtie array/gold film and the red line represents

the bowtie-strip array/gold film with w =0.22 ym; other parameters

are the same: L=0.08 ym, 7=0.048 ym; P,=0.62 ym, P, =0.4 ym;

dashed cyan, green and purple lines mark the position of the excitation, anti-Stokes and Stokes lines at ~1800 cm™; (b) dual/single-

resonance: the field enhancement spectra of single bowtie/gold film

with L=0.16 gm, T=0.062 ym (black); bowtie array/gold film with

L=0.12 ym, T=0.058 um, P, =0.62 um (cyan); bowtie-strip array/gold film with L=0.14 ym, T=0.06 ym, P, =0.6 ym, strip width
w=0.1 pm, strip thickness T;=0.06 ym (green); bowtie array without substrate with L=0.12 ym, T=0.03 ym, P,=0.4 ym (blue); bowtie
array/50 nm glass/gold film with L=0.08 ym, T=0.03 ym, P,=0.4 ym (red). The dashed blue and purple line represents the excitation
wavelength at 0.633 ym and the Stokes line at 0.78 ym.; dashed cyan and purple lines mark the position of the excitation and Stokes lines at
~3000 cm™"; all the other parameters are the same: 8=>50°, g=0.01 um, Py=0.4 ym, r=0.015 ym.

3. Conclusion

In conclusion, a triple-resonance plasmonic Raman chip is
achieved for the first time using a gold bowtie array placed on a
uniform gold film. The three enhancement peaks are provided
collectively by the EDBR, the non-localized SPR and the
MDR. It is to be noted that the field enhancement peak of the
non-localized SPR can only be observed when it strongly
interacted with the LSPR. A strong interaction occurs when the
resonant frequency of the non-localized SPR approaches that of
the LSPR, leading to a clear anti-crossing behavior. The
resonant frequency of the non-localized SPR can be tuned by
controlling the period of the gold bowtie structure. Moreover, a
gold strip-line is additionally implemented to the gold bowtie
structure in order to further increase the local near field. The
gold strip can simultaneously increase the field enhancement of
all the three modes by carefully choosing the width of the strip-
line. It has been demonstrated that the new bowtie-strip
structure proposed here can provide Raman intensity
enhancement, on both the Stokes and anti-Stokes lines at
1800 cm™, by as much as ~22.8 times and ~3.6 times larger
than that provided by a bowtie structure alone. These out-
standing results collectively suggest their potential application
for new measurement techniques for multiple Raman scattering
enhancement and even for broadband Raman enhancement.
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