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Single Molecule Detection by SERS of a Spaser-Based
Bowtie Nanoantenna
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Abstract Based on the mechanism of the surface plasmon amplification by stimulated emissions of radiation
(spaser), a bowtie nanoantenna structure is proposed for single molecule detection by surface enhanced Raman
scattering (SERS). The localized surface plasmon resonance (LSPR) properties and the SERS characteristics of the
bowtie nanoantenna are numerically analyzed by the finite element method (FEM). The results show that the LSPR
strength and the local electric field intensity of the bowtie nanoantenna can be greatly amplified, and its scattering
cross-section and electric field strength are up to 1.1 10" and 1 10* times of the non-spaser bowtie nanoantenna,
respectively. Meantime, the maximum SERS enhancement factor is 10'° generated by the bowtie nanoantenna, which
is enough to accurately detect a single molecule. Moreover, there is a higher SERS enhancement factor of 10'* on the
entire surface of the nanoantenna, which is also sufficient for single bio-molecular detection.
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1 Introduction

Surface enhance Raman scattering (SERS) has attracted
great scientific and technological interest as an effective
detection tool of single molecule due to its high sensitivity
and molecular specificity” *. As we have known, the
mechanism of SERS can be described as: the local surface
plasmon resonance ( LSPR) induced by the strong
oscillation of conduction electrons on the surface of noble
metal nanostructures leads to a strong enhancement of the
local electric field intensity when the nanostructure is
excited by an incident light, which makes the Raman
signals of molecules attached on the nanostructure to be
enhanced extremely* ®'. Recently, more great attentions
have been focused on SERS characteristics of complex
nanosystem such as the nanoparticle aggregates to realize
single molecule detection® ', because a great amount of
“hot spots” in the nanoparticle aggregates can generate the
enhancement factor of SERS signal ( G factor) to 10" ~
10"*™~*7 . However, considering the technical cost, most of
nanoparticle aggregates have been synthesized by chemical
method, which means they are hard to be prepared
precisely and repeatably. Fortunately, there is another way
to obtain a high G factor, that is, the small edge of metal
nanostructure can induce a huge local electric field
intensity, which is known as “tip effect”™ . And, the “tip
effect” is highly dependent on the different configurations,
sizes and morphologies of noble metal nanostructures™ '*'.
Especially, a bowtie nanoantenna system can generate “hot
spot” and “tip effect” in the gap between the two gold
triangle tips, simultaneously™’. Meanwhile, by using the
electron beam lithography ( EBL )™ and the light
lithography methods™® ', the experimental fabrication of
bowtie nanoantenna is convenient, precise and repeatable.
Therefore, various bowtie nanoantenna systems are of
great interests in realizing single molecule detection by
SERS.

On the other hand, it is worth noting that the
mechanism of surface plasmon (SP) amplification by
stimulated emission of radiation (spaser), proposed by
Bergman et al. in 2003""', can be applied in sensing
field, as our viewpoint. In fact, it is the gain material
coated on the surface of nanoparticles providing the
energy to completely compensate the propagation loss of
SP in spaser structure by means of energy transfer from
gain material to metal, which finally forms the SP
amplification. Many researchers have demonstrated
theoretically and experimentally that the SP
amplification is very sensitive to the gain threshold, and
the local intensity highly
improved™” ', Therefore, constructing a spaser-based
metal nanostructure with an enough high G factor is
feasible to realize single molecule detection.

In this letter, we propose a spaser-based bowtie
nanoantenna with gold shell and gain material doped
core, and then demonstrate its great enhancement
of scattering strength and local electric field

electric field can be

intensity. By carefully numerical simulating and
optimal designing, it is found that the spaser-based
bowtie nanoantenna possesses a G factor of 10" ~
10'°, which generates SERS sufficiently for single
molecule detection. All calculations are performed
using a computational electrodynamics modeling
technique based on the finite element method
(FEM ), due to the good precision in resolving
nanoscale electromagnetic fields near metal-dielectric

nanostructure'*® 27,

2 Model and theroy

The configuration of the spaser-based bowtie
nanoantenna is shown in Fig.1, which is composed by a
pair of equilateral triangular gold nanoshells and silica
core doped with a gain material. In consideration of the
feasibility of practical fabrication™ '* and the efficiency
in single molecule detection™, the length, the height
and the thickness of the equilateral triangular gold shell
are set as L = 100 nm, H =40 nm and T =5 nm,
respectively. The gap distance between the two
equilateral triangular components is D =10 nm. For
simplicity, the refractive index of the silica in the gold
shells is set as "y, = 1.5 — 1k, where k is the optical
loss/gain coefficient for describing the dissipation/
amplification of the incident light intensity in the silica
media"® #”. The dielectric constant of gold is obtained
from the experimental data of Johnson and Christy™ .
The medium surrounding of the bowtie nanoantenna is
air with the refractive index n, = 1. 0. Congruently,
the incident light propagating along the x-axis is
polarized parallel to the z-axis.

H
1y silica core

L gold shell

D
1

A

o Y

Fig.1 Schematic of the spaser-based bowtie nanoantenna
(the angle uncovered gold is drawn to expose silica
core in the gold shell)

The scattering and absorption properties of the
bowtie nanoantenna are numerically studied in the
frequency domain using the scattering field formulation.
Due to the precision and the efficiency of the FEM
method in solving electric field distribution of
nanostructures, all the simulations are obtained by using
a commercial FEM package (COMSOL mutiphysics 4.3
with the radio frequency module). The scattering cross-
section Cy, is integrated by the normalized electric field
around a far-field transform boundary enclosing the
whole system ™ .

0908002-2



Zhang Haopeng et al. .

Single Molecule Detection by SERS of a Spaser-Based Bowtie Nanoantenna

(:sczn 1 J ‘ E[m : d59 (1)

E:.
where E, is the far-field electric component of the
scattering  field calculated by the COMSOL
implementation of the Stratton-Chu formula™’ and E,.
is the incident electric field amplitude. Absorption
cross-section is obtained by intergrating the time-

average resistive heating (U,,) ™.
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where ¢, and g, are permittivity and permeability of
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. 1 .
vacuum respectively. U, = ?Re (6E « E' —joE « D),

o 1s the conductivity of the integrated material, v, E and
D are angular frequency, electric field verctor and
electric displacement vector of the incident light,
repectively.

3 Results and discussions

3.1 Optical properties of the bowtie nanoantenna
From Egs. (1) ~ (2), the scattering and absorption

spectra of the bowtie nanoantenna are calculated by the

optical cross-sections Cy, and C,, at different values of
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k and shown in Fig.2. When k = 0 [Fig. 2 (a)],
corresponding to undoped gain material, both scattering
and absorption peaks of the bowtie nanoantenna locate
at 888 nm, and the linewidth of the peaks is 60 nm.
Meanwhile, the maximum value of C,, is much larger
than that of C.,, which means the energy from the
incident light is consumed due to the surface plasmon
loss of gold nanoshelles without availably compensated.
In addition, because of the strong dissipation of conduction
electrons on the surfaces of gold nanoshelles. the quality
factor (@) of the bowtie nanoantenna is low (about 10),
which indicates that the spaser-based bowtie
nanoantenna maintains a low ratio of energy stored to
offset the dissipated loss. However, when k takes
effect by doping silica with gain material, the optical
cross-section spectra are quite different from those
when k =0, as identified in Fig.2(b) ~(f). When k =
0.25, C..increases distinctively but C,, decreases due
to the energy loss of the gold shell partial compensated
by the gain material in silica core, and the linewidths
reduce to only about 30 nm. When k =0.45, scattering
is greatly enhanced and the peak value of C,,is about 67
times as large as the value when k = 0. C,, shows
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Fig.2 Optical cross-section spectra of the spaser-based bowtie nanoantenna with different k
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negative value due to compensating the energy loss of
surface plasma in the gold shell by energy resonance
transmission from the gain material to the gold shell,
and the line widths decrease to about 8 nm. It is worth
noting that, when k further increases to a critical value,
k =0.52147588, a super-resonance emerges'® *'. The
peak value of C,,, jumps to a maximum of 667. 15 ym’ and
the peak value of C,, drops to a minimum of
—667.15 ym”, which are 1. 1 X 10" times and — 7 X 10°
times as much as the undoped bowtie nanoantenna,
respectively. Meanwhile, the linewidths abruptly
decrease to less than 1 nm. At the same time, there is
four orders of magnitude enhancement of LSPR
properties of gold nanoshell and the energy loss is
completely compensated by light amplification from the
gain material. Consequently, the quality factor is
greatly improved and the net amplification of the spaser-
based bowtie nanoantenna is zero as a result of the
balance between loss and gain, so that a stable
operating spaser mechanism can be effectively
established’™. When k continues to increase until
slightly beyond the critical value as shown in Fig.2(e),
k = 0. 526, the LSPR of the spaser-based bowtie
nanoantenna falls rapidly away from the super-
resonance, and the peak values of Cg, and C,, abruptly
change to 13. 71 ym’ and — 16. 075 ym®, and their peak
linewidths increase to 4 nm. If k further increases to
0.75, absorption dominates over scattering from the
gold nanoshells and the linewidths of absorption peak
extend to 22 nm, leading to a net amplification of light
and a sharp decline in the quality factor due to the
absence of resonance energy transfer in the bowtie
nanoantenna.

To show the dependence of LSPR strength on the
gain coefficient, C,, and C,, spectra are plotted as
functions of k at the resonance wavelength of 888 nm
(Fig.3). It is clear that, the super-resonance emerges
at the critical point of k. Departing slightly the super-
resonance peak at k =0.52147588, C,, and C,, are
abruptly magnified and then fell to nearly zero, which is
similar to the case of k =0. Therefore, it is reasonable
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Fig.3 Scattering cross-section and absorption cross-
section of the spaser-based bowtie nanoantenna as a
function of k£ at LSPR wavelength

to regard k = 0. 52147588 as athreshold, k.., which
can be used for establishing effective LSPR amplification.

The above results can be easily understood from the
spaser mechanism which describes the surface plasmon
amplificationas result of interactions among the doped
gain material in silica, gold nanoshell, and the incident
light™*"'"~*%21) " The above dynamic interaction processes
are described as follow: the gain material provides
energy to compensate the surface plasmon loss in the
gold nanoshell or forms the surface plasmon amplified
output, and in return, the LSPR mode regulates
photons in the doped silica by means of strength-related
feedback™'. When k is below the threshold, the gain
material does not change the physical property of the
LSPR mode of the gold nanoshell but absorbs energy
from the incident light, and the quality factor remains
low. However, when k reaches the threshold, the
energy absorbed by the gain material can completely
transfer to the LSPR mode by energy resonance, and
then magnifies the SP energies by LSPR-mode
coupling™® . A relative balance between the energy loss
of gold nanoshell and the amplification of gain material
is arrived, naturally, a super-resonance will emerge and
the net amplification is zero. At this point, the spaser-
based bowtie nanoantenna has a high quality factor and
the resonance linewidths rapidly diminishes due to the
efficient photo-plasmon coupling. It is similar to the
LSPR in a dynamic high-quality nanocavity where the
accumulation effect can greatly increase the LSPR™ . If
k further increases, the energy loss and the gain
compensation in the bowtie nanoantenna will be broken,
and the stable spaser mechanism will not emerge as well
as the amplification of LSPR™'7,
3.2 Single molecule detection by SERS

For Fig.4(a), k = k., the electric field intensity
near the tips of the gold nanoshell, called “hot spot”
area of the bowtie nanoantenna, is greater than thoes of
other regions. The maximum value of electric field at
the “hot spot” area is 1.2167 X 10", while the electric
field values at the gold triangle nanoshell edges are only
about 1.5 % 10*. The electric field distribution indicates
that the electric field of the gap between the two gold
nanoshells is greatly enhanced. To clearly describe the
electric field distribution of the “hot spot” area, a
partial enlarged view of the electric field pattern of the
gap between the two gold nanoshells is shown in Fig. 4
(b). It displays an obvious difference of the electric
field intensity between the “hot spot” area and the other
areas. In addition, the electric field strength of the “hot
spot” decreases gradually from its center to its edge.
To illustrate the great enhancement of the electric field
intensity, the electric field distribution of the spaser-
based bowtie nanoantenna at k = 0 is shown in Fig. 4
(¢). The maximum value of the electric field intensity
near the tips is only 115.02, and there is no “hot spot”
in the gap between the two gold nanoshells. By
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changing the display range of electric field intensity, as
shown in Fig. 4 (d), the entire surface of the bowtie
nanoantenna covered by a complete electric field
distribution pattern exhibited a higher electric field
intensity. In fact, the great enhancement of the electric
field intensity of the spaser-based howtie nanoantenna
can be attributed to the spaser mechanism, “hot spot”
and “ tip effect” of surface plasma in metal
nanostructure. “Hot spot” at the junction between the
adjacent nanoparticles denotes a high local electric field
from the nearest-neighbor coupling between the LSPR
modes which is excited by incident light with
appropriate polarization™ *!. And, such high-intensity
regions is also owing to “tip effect”, that is the high
local-field enhancement at sharp corners or small
curvatures of metal nanostructure, due to the
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amplification of their LSPR resulting from the
accumulation of the conduction electrons under radiating
light* "' In addition, when the spaser mechanism is
established in the metal nanostructure, the effective
amplification of the LSPR mode by energy resonant
transimission between the gain material and the metal
can further reinforce the intensity of the electric field in
the juction between adjacent metal nanosystems or the
tip regions. Therefore, the spaser-based bowtie
nanoantenna combines the “hot spot”, the “tip effect”
and the spaser mechanism to drastically enhance the
intensity of the electric field in the metal
nanostructure, especially around the tips of the gold
nanoshelles, which is crucial to realize a great G factor
for single molecule detection by SERS.
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Fig.4 Electric field distributions of the spaser-based bowtie nanoantenna in y-z plane. (a) k =0.52147588; (b) enlarged
“hot spot” area between two tips of the gold nanoshelles; (c¢) k = 0; (d) intensity display of the case of
k =0.52147588 in the range of 0~1100 rule

The electromagnetic effect is the mainly factor of the
spaser-based bowtie nanoantenna to realize single
molecule detection by SERS. Here, the electromagnetic
factor, G factor is introduced for quantifying the
influences of the electromagnetic effect on the SERS
signal®"*!. G factor describes the enhancement of the
optical field due to the excitation of LSPR in the metallic
nanostructures and can be expressed as™’

G(ry, v) = \E(rm, v)/ Emc(v)‘ﬂ (3)
where E ( r,, v) is the total electric field at the
coordinate 7, at the incident light frequency v, E;.(v) is
the incident excitation field. G factor as a function of
gain coefficient k at the resonance wavelength is plotted

in Fig.5. At the point of the super resonance, k = k.. »
G factor reaches its maximum value, 2.1915 x 10",
eight orders of magnitudes higher than the undoped one,
which is sufficient for single molecule detection. Even the
maximum value of the electric field intensity is 1100, as
shown in Fig.4(d), a maximum value 1.7502 X 10* of G
factor is four orders of magnitudes higher than that in
Fig.4(a). Although it is hard to locate the molecule in
the maximum region of the electric field, G factor of
the entire surface of the bowtie nanoantenna can even
reach a sufficient high level for practical single molecule
detection.
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Fig.5 G factor of the spaser-based bowtie nanoantenna
versus gain coefficient k at the resonant

wavelength of 888 nm

4 Conclusions

A spaser-based bowtie nanoantenna is theorectically
proposed for single molecule detection by SERS. It is
found that, the strength of LSPR of gold nanoshell is
greatly enhanced by introducing the spaser mechanism.
The scattering cross-section of the bowtie nanoantenna
is 1.1 x10* times and the local electric field intensity is
higher up to two orders of magnitudes comparing with
that of the non-spaser one. Meanwhile, the high local
electric field intensity is around the bowtie nanoantenna,
which is feasible for single molecule detection beyond the
“hot spot”. Furthermore, a maximum 2.1915 X 10" of
G factor is calculated for the spaser-based bowtie
nanoantenna. By introducing the spaser mechanism,
both the electric field intensity in “hot spot” and entire
surface of the bowtie nanoantenna with doped gain
material can be greatly enhanced to generate strong
SERS signal for realizing single molecule detection.
Therefore, the spaser-based bowtie nanoantenna has a
very promising potenial for accurate, efficient and
comprehensive single molecule detection by SERS.
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