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Abstract We demonstrate theoretically that plane wave
propagating in free space can be used to excite the whispering
gallery mode in dielectric microresonators grown on the top of
nanoplasmonic structures, with the assistance of surface plas-
mon wave. We have demonstrated the coupling modes using
both localized and propagating surface plasmon-supporting
nanostructure surfaces.
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Introduction

Optical whispering gallery mode (WGM) resonators in the
form of microring, microdisk, microtoroid, micropillar, and
microsphere have been demonstrated in recent years [1].
The potential applications include various photonic applica-
tions such as label-free biosensing [2], microlasers [3], narrow
filters optical switching [4], as well as for fundamental studies
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such as nonlinear optics [5], quantum optics (quantum elec-
trodynamics, Purcell enhancement, emitter—photon coupling)
[6-8], and quantum communication [9]. It is well known that
dielectric sphere structure can sustain high-Q electromagnetic
WGM with Q-factor as high as 10" (and hence resonance line
width, kilohertz; decay time, microsecond; and decay length,
kilometer) as compared to typical rings, disk Q-factor of 10°
(resonance line width, gigahertz; decay time, picosecond; and
decay length, millimeter) and that of microtoroid Q-factor of
10® (resonance line width, megahertz; decay time, nanosec-
ond; and decay length, meter) [1]. Though, microsphere offer
tight confinement and high enhancement of optical field,
however, coupling of light into the microsphere is a difficult
task due to weak exponentially decaying evanescent external
fields [10]. Since, it requires precise overlapping of the eva-
nescent field of WGM waves with the evanescent field of the
phase matched optical waveguides, it has been demonstrated
only with precise positioned optical elements such as optical
fiber (tapered, etch eroded, side polished, half-block fiber
coupler), planar waveguides, or prisms [11]. These methods
require tight control and precision on fabrication as well as
alignment in the optical near field. In addition, due to quasi-
degeneracy of these modes and lack of miniaturization (in
order to achieve minimal reflection loss due to curvature)
high-Q WGM has restricted application in biotechnology
which demands multiplexing and simplicity of use [10].
Recently, efficient coupling of propagating fiber modes
[12] and of radiative fields of dipole emitters [13] into
whispering gallery (WG) modes has been demonstrated in
dielectric microspheres with the aid of surface plasmon
modes of noble metal nanoparticles. However, an analytical
model for the theory of coupling is clearly missing in their
description and the demonstration is restricted only to local-
ized surface plasmon (SP) modes. Here, we demonstrate
easy coupling between the microresonators and free-space
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wave for frequencies in the vicinity of the surface plasmon
resonance using both localized SP (such as noble-metal
nanoparticles) and propagating SP modes (such as grating
like structures). In this mechanism, the nanostructure can act
as dielectric scatterer and thereby decomposing the incom-
ing wave in to discrete set of spherical (or cylindrical)
modes. Some of these modes can be coupled to the WG
modes of dielectric microresonators. Similar formalism for
scattering particle [14] and corrugated grating structure [15]
for exchange of modes has been proposed using coupled
mode theory. A model, as given below, is provided to describe
the coupling of SP waves into WG modes. Finally, finite
element method-based commercial software, COMSOL, has
been used to obtain WG modes for spherical microresonator
grown on the top of SP supporting substrates.

Theoretical Model for the Coupling

The whispering gallery modes are generally described by
Maxwell vector wave equation, which reduces to Helmholtz
equation for a homogeneous material with azimuthal sym-
metry [16] as:

vzl//l,m.n (I”, 0, ¢) + kz‘/’l,m,n (ra 0, ¢) =0 (1)

where k = ko(su)l/z and ky = w/c. The field can be found
using the separation of variable technique as v/, , , (7, 0, ¢) =
Nyy, (r)wy(0)w,(¢) where 7, 0, and ¢ describe the radial,
polar and azimuthal direction of field respectively and N, is
the normalizing coefficient derived in reference [11]. Whis-
pering gallery modes are characterized as three mode numb-
ers (n, m, [) which are the radial, azimuthal (or equatorial)
and angular (or polar) mode numbers, respectively. The
radial part of a sphere WGM can be described by spherical
Bessel functions with an external evanescent tail, while the
polar (longitudinal) field dependence follows spherical har-
monics, and the equatorial (azimuthal or latitudinal) field
variation is sinusoidal [11]. Finally, the integration strength
between two interacting modes can be described by using
coupled mode theory with writing the overlap integral. For
example, the coupling between fiber mode and a perfect
dielectric sphere can be written as [11]:

- 2/3;//

where ng, ng are the refractive index of sphere and surround-
ing medium respectively. It should be noted that Eq. (2) is
valid only for small refractive index contrast. Here, F)
describes the field of an optical fiber, the analytical solution
for which is well known [11]. F, is generally a Bessel

FOWlmndxdy (2)
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function of zeroth and first order assuming linearly polar-
ized fields and taking in to consideration the radial depen-
dence of the fundamental mode. So F will be a function of
r. To carry out the integration, transformation of polar coor-
dinates to Cartesian coordinates needs to be performed. For
the coupling between surface plasmon mode and WGM, we
have to find an expression similar to F|, in order to write the
overlap integral, which generally describe the rate of in-
crease in amplitude of the sphere mode (and hence for fiber
coupled WGM, £ is the amount of power coupled out of
the fiber into the sphere per revolution) [11].

It should be noted that both the modes: the one in planar
waveguide and that in surface plasmons are guided modes.
The waveguide modes are guided by the total internal re-
flection in the waveguide film and the surface plasmon
modes are guided by the metal dielectric interface [17].
However, the strength of the evanescent field for surface
plasmon is larger than that for waveguide modes (due to
field enhancement near surface plasmon resonance) [18].
Therefore, in comparison to waveguide modes, the sensitiv-
ity is typically larger with surface plasmon resonances [18].
In fact, a combination of surface plasmons and waveguide
modes is possible [18]. It is well known that the surface
plasmons are transverse magnetic (TM) or p-polarized elec-
tromagnetic waves that propagate along the interface be-
tween a metal film and a dielectric medium. The mth order
surface plasmon (where m=0, 1, 2... is the mode number)
propagating in the x-direction can be described by the y-
component of its magnetic field as [17] H,(x, 1) = vy, (x,1) =
vm(z) expli(kyx — wt)] where v,,(x, ) is the scalar field
function, v,,(z) is the transverse field distribution of the
mode and £, is the propagation constant. Similarly, the
localized surface plasmon resonance (LSPR) mode of a spher-
ical nanostructure with radius “a” excited by a z-polarized
light of wavelength A (with a/A<0.1) is given by [19]: E X

(x,y,2) = EoZ — [EM_ED} @’Ey {— —Z0O0X+yy+ zz)} . The

em+2ep
field of surface plasmon in the dlelectnc medium is an eva-
nescent wave and is given by vy, (z) = v,,(0) exp(—z/Azp)

_1
where Azp = (1/27)[n* — n})| * is the penetration depth.
Here, n is the effective refractive index of the surface plasmon

wave givenbyn = k,/ky = [(nD)*2 + (en) ™ 3 The pen-

etration depth in terms of effectlve refractive index can be
written as Azp = (1/2znpn)[—¢ ] It should also be noted
that the surface plasmon field in the metal also decays expo-
nentially with increasing distance from the interface and the
penetration depth is given by Azy = Azpn?)/(—ey). Here
the subscript D is used for dielectric and M is used for metal.
The metal is assumed to have a complex dielectric function
em = €y + icy, and the real part is negative. Now the cou-
pling mode between surface plasmon (SP) and dielectric
WGM can be written by replacing the overlapping integral
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Fig. 1 a Schematic of the a
coupling scheme for surface
plasmon generated by free-
space electromagnetic waves
and a dielectric microresonator.
b Overlay of dispersion curve
for light wave, WGM and SP
wave, and the resonance modes
spectra for periodic plasmonic
grating with 50, 100, and

200 nm periodicities

by the expression Fy = Ny, exp(—z/Azp) if z>0 and
Fy = Ny exp(—z/Azy) if z <0, where Ny, describe the
transverse field distribution for surface plasmon with mode
number m.

Results and Discussion

A schematic of the proposed scheme for plasmonic coupled
WGM is shown in Fig. 1a. The near field produced by the
plane wave excitation on a grating structure or random
surface roughness can excite SPs. Figure 1b shows the
dispersion curve for a SP mode on a smooth surface and
for a periodic hole grating structure (as analytical expression is
available for subwavelength holes structure [20]). In the same
plot, we have also shown the frequency-dependent WGM
mode position (analytical expression taken from [21]). The
permittivity of the metal (silver) is modeled by the Drude
model with a plasma frequency of @, = 1.32 x 10'%s!
(or 8.6eV) and a relaxation time of 7 = 1.45 x 10~ !4s (or
damping coefficient y = 0.045 e}") [22]. This figure clearly
showed the existence of coupling mode between WGM and
SP mode from grating-like structure. Further, in order to
couple SP mode into microresonator, there should be available
modes in the microresonators for the frequencies in the vicin-
ity of the SP resonance. The supporting modes for a 2 um
silica sphere are analyzed by Modal analysis using COMSOL.
The structure has (n=1, m=5) and (n=2, m=3) resonance
mode for frequencies 526 and 585 THz, respectively, as
shown in Fig. 2a and b. After coating the sphere with 80 nm
silver, the modal analysis shows the (n=1, m=8) resonance
mode for the dielectric, due to coupling to surface plasmon
resonance (SPR; Fig. 2d) near the frequency of 556 THz
(540 nm). A second-order resonance mode (n=2, m=2) inside
the dielectric also showed up (Fig. 2¢) at frequency of
551 THz, which did not show any SP coupling behavior.
Figure 3a shows a SEM image of nanophotonic structure
fabricated on silicon using ICP-RIE processing. The details
of the fabrication process are given in [23, 24]. The height of
the nanocone structures are about 200 nm, the base of the

¢ Light wave
’

200 nm,’ SP wave
l"
) Pasition of WGM
100 nm
(k c)fm

cones are 120 nm and the distance between two cone struc-
tures is about 300 nm. SEM of the nanoplasmonic structure
after deposition of 80 nm silver on the nanophotonic struc-
ture is shown in Fig. 3b. The presence of SPR in our
fabricated nanoplasmonic structure is independently verified
by using two commercially available electromagnetic simu-
lation packages (DIFFRACTMOD, RSoft Design, and
COMSOL). DIFFRACTMOD uses rigorous coupled-wave
analysis (RCWA) and can provide information about dif-
fraction efficiency as a function of wavelength. The absorp-
tion maxima (or reflection minima) of the calculated spectra
can be utilized to identify the resonant mode. For the RCWA
simulation, we used a silicon cone structure with height
200 nm, base 120 nm, with a period of 300 nm. The
thickness of silver layer on the top of the silicon cones are

a b
.... 'o'z‘
0.0' N

(n=1, m=3) mode
at 526 THz (570 nm)

(n=2, m=3) mode
at 585THz (512 nm)

c ___Silverlayer o
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d
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(n=1, m=8) SPR mode
at 556 THz (540 nm)

(n=2, m=2) off-SPR
at 551 THz (544 nm)

Fig. 2 Modal analysis of silica microresonator with refractive index of
1.59 and diameter 2 um. a (n=1, m=5) WG mode of the micro-
resonator at resonance frequency 526 THz. b (n=2, m=3) WG mode
the microresonator at resonance frequency 585 THz. Modal analysis
showing the resonance after coating 80 nm silver on the silica micro-
resonator. ¢ (n=2, m=2) Off-surface plasmon coupled WG mode at
551 THz. d (n=1, m=8) Surface plasmon-coupled WG mode at
556 THz
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Fig. 3 a SEM image of the
nanocone silicon based
photonic structure. b SEM
image of the nanoplasmonic
structure fabricated from the
nanophotonic structure shown
in a by depositing 80 nm of
silver using electron beam
evaporation. ¢ Dispersion
diagram of the nanoplasmonic
structure shown in b using
RCWA method. d Calculated
electromagnetic field for the
nanoplasmonic structure.

e Gap mode surface

plasmon resonance and the
corresponding enhancement
of the electromagnetic field
calculated using COMSOL.

f Tip mode localized surface
plasmon resonance and the
corresponding enhancement of
the electromagnetic field at the
tip of the plasmonic structure

200nm

80 nm. The absorption efficiency (also the reflection effi-
ciency) of the TM resonant mode was calculated in the
wavelength range of 200<A<900 nm and the incident angle
was varied from 0°<0<60°. Figure 3c presents the
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dispersion diagram of the aforementioned nanoplasmonic
structure. The dispersion diagram clearly shows that the
nanocone plasmonic substrate can support broadband SPR
supporting many incident wavelengths in the range 200—

Fig. 4 a Schematic with s s PML. oo oo

dimensions and boundary a . b 10
. air i

conditions for nanocone : i ' A,

: ! ! : | X 6
plasmonic and dielectric ook | 4 - "\
microresonator WGM coupling. =) ! E _/‘ - 4
b WGM in a 2 pm silica sphere 27 ' - -
on a nanocone plasmonic Matched B.C. | e fm < 2
structure. ¢ Normal component \' i . - - 0
of Poynting vector at resonance. -3 bten .

d Normalized power outflow T 1 E N -2
and transmittance near WGM gL o i -
3 Vi3 ’ e -4
= E E 120 nm ;{H} nm ‘\‘ii o g Input port 35 - -2 "-:'__r_l
b H 1
I L
Matched B.C.
c d:
5’ —
o
: g
H §
=] R~
- &
]
E £
2
1 ]SSP PRI SRR O
20 400 600 800

@ Springer

Wavelength (nm)



Plasmonics (2013) 8:361-368

365

700 nm covering various incident angles from 0° to 60°. The
electromagnetic field distribution within the nanocone plas-
monic structure is simulated by COMSOL. The complex
optical constants of silver and silicon are taken from Palik’s
handbook [25]. Figure 3d shows the excited scattering field
in TM mode for an incident wavelength of 785 nm. The
different colors indicate the magnitude of normalized am-
plitude of scattering electric field with respect to that of
incident electric field, red indicating high field, and blue
indicating low field [26]. Two different LSPR modes, namely,
the “gap” mode (Fig. 3e) and the “tip” mode (Fig. 3f) can be
clearly seen in the simulation. The gap mode is due to the
confinement of electromagnetic field in close proximity
(<30 nm) between two adjacent nanocone plasmonic structures.
The field intensity is enhanced maximum up to 4 x 10* times as

compared to the incident field intensity (Iinc = |Einc|2). The

Cc

high electromagnetic field at the top of cone structure is due to
LSPR at the sub 20 nm silver nanobead structures, similar to
LSPR observed for metallic naoparticles [27]. The exponential
decaying nature of the surface plasmon near-field away from
the metal surface can be clearly seen in Fig. 3f.

After confirming that the nanocone structure can support
multiple plasmonic modes, we investigate the possibility of
coupling the evanescent surface plasmon field in to a di-
electric microresonator. The WGM resonance inside the
sphere due to SP mode from the nanoplasmonic structure
is calculated using a two-dimensional COMSOL simulation.
In the present calculations, we launch an in-plane TE waves
(as schematically shown in Fig. 4a as input port), where the
electric field vector has only a z component and it propa-
gates in the x—y plane. The corresponding dimensions (same
as the cone structures described in Fig. 3a, b) and boundary
conditions are also shown in Fig. 4a. Figure 4b shows the
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Fig. 5 a WGM due to surface plasmon coupling from smooth silver surface to a 2 um silica sphere. b WGM due to surface plasmon coupling from
hemispherical silver surface to the silica sphere. ¢ WGM due to surface plasmon coupling from periodic array of silver particle to the silica sphere
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azimuthal (z-component) electric field at resonance wave-
length 540 nm describing WG (n=1, m=15) mode. The
corresponding movie is given in the supplementary materi-
als (Movie M1). Interestingly, the prediction of the simple
modal analysis which showed that WG resonance occurs
near 540 nm, shown in Fig. 2d, matches quite well for
nanoplasmonic coupling system shown in Fig. 4b.
Figure 4c describes the normal component of Poynting
vector at resonance showing the light confinement for the
WGM mode. The normalized power outflow collected at the
output port is shown in Fig. 4d. The corresponding trans-
mittance is also sketched in Fig. 4d. The resonance is
generally characterized by a sharp dip in the transmittance
spectra at the resonant coupled mode wavelength. It can be
seen that not all scattered power is eventually coupled to the
WG mode. There exist only certain wavelengths at which
the scattered power is coupled in to the microresonator
above it causing a sharp dip in the transmittance spectra at
resonance.

Further, we have demonstrated the possibility of SP mode
coupling to dielectric WGM mode by simulating several
structures supporting both propagating surface plasmon
and localized surface plasmon (LSP). Figure 5a simulates
WG mode of the dielectric microresonator on the top of a
40 nm thick smooth silver surface. The bulk plasmon for the
silver can be excited at around 370 nm (see supplementary
Fig. S1) [28]. Figure 5a shows the (n=1, m=18) WG mode
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of the 2 um diameter dielectric microresonator due to cou-
pling of surface plasmon field at 340 nm. Figure Sa (middle)
also shows the normal component of Poynting vector at
resonance. The corresponding normalized power outflow
and transmittance near WGM is also plotted in Fig. 5a
(right). We have also simulated SP coupling from hemispher-
ical continuous metal surface with silver metal thickness of
100 nm and periodicity of 20 nm (Fig. 5b). The structure can
be readily fabricated by nanosphere lithography techniques
[29]. The structure showed an SP-coupled (n=1, m=15)
WG mode at 510 nm. The corresponding normal component
of Poynting vector at resonance, normalized power outflow
and transmittance near WGM are also plotted in Fig. 5b. It is
well known that nanoparticles can support strong LSPR.
Further, the electromagnetic field can be greatly enhanced
if “nanogap” can be formed between two adjacent nano-
particles [30]. Here, we simulate the LSPR coupling from
four silver nanoparticles with diameter of 30 nm and ar-
ranged on the surface so as to make a gap of 2 nm in
between them. The high electromagnetic field due to LSPR
on the metal nanoparticle surface and in between the gap can
be coupled to the dielectric microresonator on top of the
particles. Figure 5c¢ shows the (n=1, m=18) WG mode for
the microresonator at a wavelength of 470 nm. The normal
component of Poynting vector clearly showed the light
confinement achieved at resonance. The corresponding nor-
malized power outflow and transmittance near WGM are
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also shown in Fig. 5c. We observed a red shift of the
resonance wavelength for (n=1, m=18) WG mode for
smooth silver surface at 340 nm to periodic plasmonic silver
particles at 470 nm. We believe that due to higher scattering
efficiency even lower energy light can be coupled to the WG
mode of the microresonator. This is also evident from the
(n=1, m=15) WG mode for nanocone plasmonic structure
occurring at 510 nm, which is at lower energy than reso-
nance energy required for smooth silver or plasmonic silver
particles.

Figure 6a simulates the effect of increasing the number of
plasmonic particles. The size and the gap of the particles
were kept constant (30 nm diameter and gap of 2 nm). Total
number of particles used for simulation was 23 (earlier we
used four particles). With increasing the particle numbers,
the mode number shifted from (n=1, m=18) to (n=1, m=
15). The resonance wavelength also red-shifted from 470 to
540 nm. This may be due to the fact that periodic array of
metal nanoparticles can transport the electromagnetic
energy generated due to optical excitation of localized
surface plasmon [31]. Hence, with periodic metallic
nanoparticles, there exist a possibility of coupling both
high energy LSPR and low energy propagating SPR in
to the WG modes. We also investigate the effect of increas-
ing the size of the dielectric sphere keeping the number,
size and gap of plasmonic particles same as in Fig. Sc.
With increasing size (from 2 to 12 um), we observed a
second-order radial mode (n=2, m=29) WG at 1.56 um
(Fig. 6b).

Conclusion

In summary, we demonstrate the surface plasmon coupling
to WGM with the assistance of surface plasmon wave on
nanoplasmonic structures generated by free-space electro-
magnetic field. The differences in coupling into TE WG
modes with various nanoplasmonic structures are discussed
which may lead to different design criteria of plasmonic
nanostructures.
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