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Plasmons in nanoscale structures represent an exciting new route toward efficient manipulation of photons,
especially at subwavelength scales. Of particular interest are the hybridized plasmonic systems, in which the
interaction among the plasmonic elements can be utilized to tailor the optical responses. Here we demonstrate
a hybridized plasmonic-waveguide system exhibiting behavior similar to that of the electromagnetically in-
duced transparency; namely, an ultranarrow transmission line width arising from a coupling-induced cancel-

lation of the plasmonic resonance.
DOI: 10.1103/PhysRevB.80.195415

I. INTRODUCTION

Much of the richness and variety of physics today is based
on coupling phenomena where multiple interacting systems
hybridize into new ones with completely distinct attributes.
Nordlander and co-workers' first proposed the concept of
plasmonic hybridization by finding a connection between
coupled plasmonic ensembles and the electronic orbitals of
atomic molecules. As shown by a number of recent works,
well-designed hybridized plasmonic systems can offer exotic
optical properties that cannot be readily achieved with natu-
ral materials. Good examples are the double metallic rods
that provide negative magnetic responses> and coupled
radiative-dark artificial plasmonic “molecules” for construct-
ing all-optical electromagnetic-induced transparency (EIT)
metamaterials.* However, due to the metal loss, the perfor-
mances of many plasmonic systems are considerably limited.
One way around this issue is to mediate the coupling by a
cavity or dielectric waveguide.>”” The coherent interaction
between a waveguide mode and a plasmonic mode can be
utilized to engineer the resonant features of the hybridized
system, such as the resonant frequencies, the line width and
line shape.®-!! Here, we show that a waveguide coherently
coupled to periodic plasmonic resonators can exhibit ex-
tremely narrow transmission peaks in the spectrum as well as
a strong dispersion and a significantly reduced group veloc-
ity. These findings are quite unexpected considering the large
material loss of metal at optical wavelengths. Such EIT-like
behavior is of practical significance for applications ranging
from sensing to optical communications and optical nonlin-
earity enhancement at short propagation distances.'?

II. HYBRID PLASMONIC WAVEGUIDE SYSTEM

The proposed structure consists of periodic gold nano-
wires embedded in a high dielectric permittivity slab wave-
guide on top of a lower dielectric index substrate. An illus-
tration of the entire structure as well its profile are shown in
Figs. 1(a) and 1(b), respectively. The incoming electromag-
netic wave, propagating in the normal (-z) direction with
electric field polarization in the x direction, can excite local-
ized surface-plasmon polaritons (LSPPs) in each metal wire,
leading to a broadband strong absorption and scattering peak
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in the spectrum. The periodic arrangement of the metal nano-
wires provides the necessary momentum to couple the coher-
ent scattering of the plasmonic resonances into the transver-
sal magnetic (TM) waveguide mode. Consequently, this
system can be described as a coupled system of orthogonal
radiation and guided modes, which is mediated by the plas-
monic resonance of the metal nanowires. For a given thick-
ness t of the waveguide, the period d determines the fre-
quency at which the incident light and guided mode couple'?
while the LSPP resonance frequency is given by the geo-
metrical size (cross section) of the wires and the permittivi-
ties of the surrounding media.'* In our analysis the nano-
wires have a cross section of 100X 15 nm? and are made of
gold. For the permittivity of gold the values from Ref. 15
were taken into account. The wires are embedded in a wave-
guide material with €,,=3.8 on top of a quartz substrate
(€=2.4). All spectra are calculated by utilizing a rigorous
coupled wave analysis (RCWA), which expands the electro-
magnetic field into 301 diffraction orders and matches the
boundary conditions at each interface.'® For all calculations
we assume an infinite grating in x direction. However, finite
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FIG. 1. (Color online) (a) Illustration of the hybrid structure
with light propagation in negative z direction and field polarization
in x direction. (b) Structure cross section together with the geo-
metrical parameters. (c) Calculated transmission in dependence on
the nanowire period d for a 200-nm-thick waveguide (€,,=3.8).
The strong scattering and absorption of the Plasmons and the exci-
tation of the waveguide mode lead to low transmission (dark color).
For periods around 580 nm the hybrid-plasmon-waveguide modes
are separated by a narrow high-transmission band.
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gratings or a nonperfect periodicity will result in a momen-
tum distribution due to the broadening of the grating vector
and subsequently lead to a broader waveguide resonance.'!!”
Hence, the coherent scattering of the plasmonic resonances
into a specific waveguide mode is reduced and coupling be-
comes weaker.

The coupling between the LSPPs and the waveguide
mode results in a waveguide-plasmon hybridization with dis-
tinct properties for the transmission.'® By changing the spec-
tral mode position of the original waveguide resonance with
respect to the LSPP resonances leads to a pronounced anti-
crossing of the dispersion bands as shown in Fig. 1(c). Al-
though the position of the hybridized modes depends on the
angle of incidence for the light,'> we will focus first on the
normal incidence to the surface. In the case the bare modes
(TM waveguide mode and LSPPs) spectrally overlap a nar-
row transmission band is formed within the broad absorption
and scattering band of the LSPPs. This transmission band
can be observed in Fig. 1(c) for a wire period of d
~ 600 nm. However, the width of this transmission band is
determined by the coupling strength between the bare modes.
It arises from the destructive interference between the two
excitation pathways, namely, the direct excitation of LSPPs
in the metal wires and the excitation of the waveguide mode
through the scattering of the LSPPs of metal wires as well as
the back coupling to them. The anticrossing of the new-
coupled eigenmodes in Fig. 1(c) with a pronounced high
transmission band cannot be obtained by a simple periodic
arrangement of nanowires on a dielectric surface without a
waveguide resonance. However, the direct radiative coupling
between the localized plasmon modes in the nanowires can
be drastically enhanced with a grating anomaly, resulting in a
strong spectral lineshape change in the plasmon resonance.
Detailed discussions of this additional effect can be found in
Refs. 13 and 19.

Since the transmission band is directly related to the ap-
pearance of the TM waveguide mode, its spectral position
can be roughly estimated by solving the dispersion relation
of the TM slab mode®° for the given momentum of the nano-
wire grating G=2/d. If the TM mode spectrally overlaps
with the LSPP resonance the coupling-induced transmission
band will appear approximately at the original waveguide
mode position.

II1. RESULTS AND DISCUSSION
A. Ultranarrow transparency bands

For applications such as slow light and sensing, a narrow
EIT-like transparency window is highly desirable. In the fol-
lowing we show how extremely narrow transmission peaks
within the broad plasmonic resonance can be obtained by
reducing the coupling between the plasmonic and waveguide
modes. The coupling is extremely sensitive to the value of a
single parameter—the thickness of the waveguide. This is
depicted in Fig. 2(a), where the reduction in the thickness ¢
of the dielectric waveguide from 180 to 130 nm dramatically
decreases the width of the transmission band between the
two hybrid modes that are formed by the underlying cou-
pling mechanism mentioned before. Meanwhile, the trans-
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FIG. 2. (Color online) (a) Narrowing of the transmission band in
dependence on the waveguide thickness 7. The thickness is changed
in steps of 10 nm. The inset shows a magnified view for r=130 and
140 nm together with 50 nm waveguide thickness (black dotted
line), which is well below the cutoff for the TM mode. Only a kink
due to the Rayleigh anomaly is observable. (b) Maximum transmis-
sion value 7,,,, of the transmission band for ¢ close to the cut-off
thickness and the corresponding group index n,. The circles mark
the transmission for the three smallest thicknesses from panel (a).
All calculations are done for =580 nm.

parency peak shifts to shorter wavelength due to the depen-
dence of the dielectric waveguide mode on its thickness.
Further studies show that equally narrow transmission bands
can be achieved for even slightly rounded nonrectangular
cross sections of the nanowires. Apparently, the transmission
window becomes extremely narrow when the waveguide
thickness approaches =130 nm and is accompanied by a
reduction in the transmission itself. At that point the disper-
sion relation of the waveguide mode and the Rayleigh
anomaly are identical, resulting in a strong increased cou-
pling by the opening of a new diffraction order. However, the
coupling with the Rayleigh anomaly leads to an extinction
peak?! instead of high transmission. This is illustrated in the
inset of Fig. 2(a), where no transmission peak is observable
for a waveguide thickness of 7=50 nm but a kink at
A=846.7 nm due to the Rayleigh anomaly. For the chosen
set of parameters the waveguide mode reaches the cutoff at
t=132 nm. The sharp transmission peak is associated with a
dramatic change in the transmission phase (refractive index),
consequently, extremely slow group velocity of light travers-
ing the system can be achieved. Figure 2(b) shows a more
detailed analysis of the transmission close to the cut-off
thickness. A decrease below 10% can be observed for a
thickness of =137 nm. For slightly smaller values of ¢ the
transmission increases again up to nearly 80%. Figure 2(b)
shows the corresponding group index n, for the transmission
band. The group index increases with decreasing thickness of
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FIG. 3. (Color online) (a) Calculated transmission (straight
black line) and phase (dotted red line) for a structure with a wire
period of d=580 nm and a waveguide thickness of =145 nm. The

resulting group index for these parameters is shown in (b) together
with the transmission.

the waveguide except for the range around 137 nm where the
group index suddenly drops 4 orders of magnitude.

For a detailed analysis of this behavior, we fix the thick-
ness of the waveguide slab to r=145 nm, where a reasonably
sharp peak and a transmission of more than 80% are ob-
tained. Figure 3(a) shows the calculated transmission and the
phase change for this configuration. The transmission peak
has a full width half maximum of AA=0.5 nm within a
broadband low-transmission region of the plasmonic reso-
nances and is accompanied by a phase change of nearly /2.
The group index n, is calculated from the dispersion of the
phase ¢ by

g

n,=cp—=——". (1)

Here, ¢ is the speed of light in vacuum and w is the angular
frequency. The dependence of the transmission and the group
index on wavelength is plotted in Fig. 3(b). The strong dis-
persion of the phase results in a group index of n,~2500 at
the maximum of the transmission band. The high group in-
dex corresponds to an increased traversing time of light
through the entire structure. In plasmonic structures the ab-
sorption of the metal would normally lead to strong energy
dissipation and a distinct reduction in the transmission if the
light would be stored for a long time in the plasmonic reso-
nators. However, the plasmonic field of the nanowires is can-
celed out due to the unique form of the coupling to the wave-
guide mode whereas the degree of cancellation is related to
interference between radiation and quasiguided modes. This
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FIG. 4. (Color online) Magnitude of the total electric field for
two different wavelengths normalized to the input field. The solid
lines at z=0 and 145 nm denote the interfaces of the waveguide and
the cross section of the metal wires. The left panel shows the field at
the maximum of transmission at A=848.4 nm where the field
avoids the region of the metal wires. The right panel is for a slightly
longer wavelength of 854.7 nm where the transmission has a mini-
mum due to the strong interaction of the light with the Plasmon
resonance.

cancellation results in weak local fields near the metal and
therefore low absorption between the two branches of the
hybrid modes. Figure 4 illustrates the local electric field dis-
tribution in the structure at two different wavelengths. At the
wavelength of the transmission peak (A=848.4 nm) the
fields are strongly localized in the dielectric areas, especially
at the waveguide-substrate interface in the space between the
gold nanowires. The field distribution along the z axis is
characteristic of a guided TM slab mode. Directly at the
nanowires the field is suppressed due to the aforementioned
destructive interference between the two excitation path-
ways. The scenario changes completely for a slight shift of
the wavelength to 854.7 nm (minimum of the transmission),
where the field is mainly localized around the nanowire, a
typical sign for the strong excitation of the LSPP.

B. Coupling mechanisms

As shown in Fig. 2(a), the transmission peak becomes
extremely narrow when the thickness of the dielectric wave-
guide slab is reduced. This effect can be understood in the
modified coupling of the LSPP to the waveguide mode. To
gain more insight we perform a calculation of the electric
field distribution of an unperturbed TM waveguide mode for
a dielectric slab without grating. The total electric field con-
sists of two components (E, and E.) whereas only the weaker
E, component can couple to the resonant-charge oscillation
of the LSPP mode of the metal wires in x direction. The
LSPP resonance of the nanowires in z direction appears at
much shorter wavelengths and will not couple with the TM
waveguide mode. Therefore, we focus in the following only
on E, component.

Figure 5 shows the analytically obtained |E,| component
of the electric field (solid line) along z for a TM waveguide
eigenmode at N\=848.4 nm (r=145 nm) for the case when
no plasmonic grating is present inside the waveguide. The
field shows a local minimum with zero-field strength inside
the slab near the substrate-waveguide interface at z=13 nm.
The coupling strength between LSPPs (bright mode) and the
waveguide mode (dark mode) depends on the overlap inte-
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FIG. 5. Magnitude of the electric field component E, of the TM
slab mode (solid line) for a cross section along the z axis. The dots
are the calculated coupling parameters V, between the plasmonic
resonances of the grating and the quasiguided TM mode for differ-
ent position z of nanowires.

gral of the E, field of the waveguide mode and the Plasmon
field, which is strongest in x direction. Therefore, we expect
that the coupling strength will increase by placing the nano-
wire grating closer to the waveguide-air interface (but inside
the slab) because |E,| increases with decreasing distance to
the air interface. To prove this assumption we utilize an ef-
fective Hamiltonian H,g near the center of the first Brillouin
zone!®

Ewg + Cl kx V] V2
He= Vi Ey—ck, V5 (2)
Vs Vs Ey—il’
whereas E\,, and ¢ are the TM mode energy and the group

velocity, Ep, and I' the energy and the damping of the indi-
vidual LSPPs, V, the photon-photon coupling energy be-
tween the symmetric and antisymmetric TM modes, and V,
the waveguide-plasmon coupling energy. Equation (2) is de-
rived from a set of coupled equations that phenomenologi-
cally describe the coupling behavior of the original “bare”
modes in the system. Hence, after introducing the coupling
constants Vy between the original modes, the eigenvalues of
the effective Hamiltonian represent the new energy eigen-
states (or resonance frequencies) of the coupled (hybrid) sys-
tem. The corresponding eigenfunctions of the Hamiltonian
characterize the new noninteracting plasmon-waveguide hy-
brid modes. In the following, we are interested in the case
where the incoming light is propagating in z direction
(k,=0). Extinction spectra are calculated for different z po-
sitions of the nanowire grating inside the waveguide slab. By
fitting Hs to the numerically obtained spectra, the coupling
parameter V, can be extracted in dependence on the z posi-
tion of the nanowires. The results are plotted in Fig. 5 to-
gether with |E,| of an unperturbed TM waveguide mode. As
the wires have a finite height of 15 nm in z direction, the
position in the plot corresponds to the edge of the nanowires
closer to the substrate interface (e.g., the value for z=0
means the grating is placed on the substrate surface and
reaches 15 nm into the waveguide). Obviously the coupling
parameter V, follows the trend of |E,| and shows the smallest
values near the substrate-waveguide interface.??
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The eigenvalues of H,g correspond to the energies (spec-
tral positions) of the hybridized modes. A justified approxi-
mation is that the coupling energy between the waveguide
modes is small compared to all other coupling energies (V
<V,,I"). Hence, the three eigenvalues of the Hamiltonian
are E\=E, and E,3=0.5[2E,—il' = \8V5-T"?] whereas we
assume Eg=FE,,=FE;. Interestingly, the eigenfunction
W(E,)={¥,,¥,, ¥} exhibits only components of the origi-
nal bare waveguide mode (¥,=—¥,) but no plasmonic

counterpart (¥3=0). Since the bare waveguide mode was
assumed to be lossless, this particular eigenmode of the hy-
brid system does not suffer from losses in the metal by the
excitation of LSPPs and therefore can have a high transmis-
sion. This mode corresponds to the electric field distribution
shown in Fig. 4 (left panel) with nearly no field around the
metal nanowire. However, for extremely weak coupling the
loss of the waveguide mode (dark mode) has to be taken into
account since it will limit the attainable band width and
maximum transmission value. Although the dielectric wave-
guide is nearly loss less, the metal nanowires will introduce
absorption loss for the £, component of the waveguide mode
despite a weak coupling of the E| field.

If the field component E, of the bare waveguide mode
goes to zero the coupling between the waveguide mode and
the LSPP vanishes (V,=0) and the eigenvalues of Hy de-
generate. As a result, the transmission band disappears and
the group index n, is strongly reduced. This behavior can be
observed in Fig. 2(b) for a waveguide thickness of 137 nm,
where the E, component of the TM mode averages to zero
for the nanowire cross section. Therefore, a coupling is not
possible and the system is dominated by the response of the
LSPPs. A slight decrease or increase in the waveguide thick-
ness increases V, and lifts the degeneracy of the eigenmodes,
resulting in the transmission band and large values of n,.

C. Symmetric waveguide environment

For an asymmetric waveguide with air on one side and a
substrate on the other side the electric field inside the wave-
guide shows a strong asymmetry with smaller |E,| compo-
nents closer to the substrate interface. With the assumption
that the plasmonic nanowires are placed at the substrate side
the narrowest transmission peak can be obtained for a wave-
guide thickness close to the cutoff (Fig. 2). Since the disper-
sion relation of the waveguide mode and the diffraction
anomaly (Rayleigh anomaly) match at that point a clear
separation of both effects is difficult. Furthermore, the Ray-
leigh anomaly can lead to a direct strong dipolar interaction
between the LSSPs leading to strong broadening and shift in
the spectrum of the Plasmon resonances.!”

However, in a symmetric configuration for the waveguide
with the same material on both sides, |E,| becomes symmet-
ric and, more important, the cutoff for the waveguide modes
vanishes. As a result the dispersion relation for the wave-
guide mode and the diffraction anomaly can be distin-
guished. Figure 6 shows the mode positions for a symmetric
waveguide structure (=145 nm, €,,=3.8, and ¢, =2.4).
The nanowires were placed inside the waveguide 5 nm away
from the center.
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FIG. 6. (Color online) Band diagram showing the positions of
the modes obtained from the RCWA calculation for different nano-
wire periods. The anticrossing of the hybrid modes (black and red
squares) is clearly separated from the Rayleigh anomaly (blue
circles). The black line is the analytical calculation for the Rayleigh
anomaly based on the refractive index.

In this configuration the Rayleigh anomaly is clearly sepa-
rated from the waveguide dispersion. Nevertheless, the small
anticrossing between the hybrid modes and the formation of
the narrow transmission band can be observed for a wire
period of d=~590 nm. Since |E,| is symmetric with respect
to the center of the waveguide the weakest coupling between
the nanowires and the waveguide mode is observed for wires
in the middle of the waveguide. This fact is illustrated in Fig.
7 where the magnitude of electric field component |E,| is
plotted together with the coupling constant V, between the
nanowire plasmons and the quasiguided TM mode for differ-
ent positions of the wires. Although the spatial behavior of
|E,| has changed completely compared to the asymmetric
chase, the coupling constant follows the trend of |E,| with
smallest values in the center of the waveguide. Therefore, a
narrow transmission band can be obtained for nanowires
placed close to the center of the waveguide (e.g., see Fig. 8).
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FIG. 7. Magnitude of the electric field component E, of the TM
slab mode (black solid line) for a cross section along the z axis. The
waveguide has the same environment at both sides resulting in a
symmetric magnitude for the field. The dots correspond to the cal-
culated coupling parameters V, between the plasmonic resonances
of the grating and the quasiguided TM mode for different position z
of wires within the waveguide slab. The period is 580 nm and the
thickness of the waveguide is 145 nm (gray shaded area).
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FIG. 8. (Color online) Angular dependence of the transmission
band. Shown is the spectral region of the transmission peak for four
different angles. Except for the normal incidence two transmission
bands appear due to the excitation of the symmetric and the anti-
symmetric waveguide mode. The period is 595 nm and the thick-
ness of the waveguide is 145 nm. The nanowires are placed 5 nm
away from the center of the symmetric waveguide.

The dependence of the group index and the transmission
bandwidth on the nanowire position z is therefore similar to
Fig. 2(b). Hence, the coupling and the transmission band
vanish completely for a position directly at the center.

Taking this into account the coupling strength and there-
fore the spectral width of the transmission band can be en-
gineered by changing the position of the grating or the thick-
ness of the waveguide. We note that different geometries for
the plasmonic structures (instead of nanowires) can provide
even higher values for the group index but would lead to
smaller changes in the absolute transmission. Strictly speak-
ing, the bandwidth of the transmission peak is determined by
the coupling constant between the modes. However, the peak
value of the transmission is limited by the total loss of the
quasiguided TM mode (dark mode) which includes the ab-
sorption losses introduced by the metal nanowires. There-
fore, a sufficient large coupling is needed for remaining high
values of the group index.*

D. Angular dependence

For practical applications the angular dependence of the
transmission band plays an important role. Like other peri-
odic structures the spectral response of the plasmonic hybrid
system changes for different angles of incidence. This be-
comes obvious from Eq. (2) where the eigenvalues of the
Hamiltonian depend on k,. In the case k,# 0 the degeneracy
between the symmetric and the antisymmetric quasiguide
TM mode will be lifted and two waveguide modes couple to
the plasmonic resonance of the nanowires. Hence, two trans-
mission band regions will appear whereas the spectral posi-
tion depends on the angle of incidence. Figure 8 shows the
transmission band region for various angles of incidence.
The transmission peaks due to the symmetric and the anti-
symmetric modes appear on the left and right side of the
original peak (0°), respectively. The band width is nearly
preserved and only the absolute transmission value is slightly
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reduced. However, for best performance the waveguide
mode position has to overlap with the plasmonic response of
the nanowires which could be achieved by modifying the
period of the lattice.

E. Application for refractive-index sensing

Narrow transmission lines are potentially interesting for
sensing application due the high sensitivity of their transmis-
sion properties to the refractive index of the surrounding me-
dium. To evaluate the performance of the plasmonic-
waveguide hybrid system, we chose the same structure
geometry as for the calculation of Fig. 8. The transmission
change AT was calculated for a wavelength of X\
=912.1 nm close to the peak transmission of structure as a
function of the relative refractive index change An/n,
whereas n=1.46 was chosen (Fig. 9). Even for small changes
in the refractive index of less than 107, noticeable changes
in the transmission of around 4% can be obtained. With fur-
ther optimization of the nanowire position and waveguide
thickness the sensitivity for refractive index changes will fur-
ther increase.

IV. CONCLUSION

We have shown that coherently coupled LSPPs with an
optical waveguide mode can support extremely narrow trans-
mission bands together with a very high group index. The
bandwidth can be modified by changing the position of nano-
wires with respect to the waveguide mode. Since the trans-
mission and the group index are highly sensitive to wave-
guide thickness (i.e., effective index) and nanowire position,
the structure could be interesting as a new class of nano-
optical sensors. Especially the asymmetric waveguide struc-
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FIG. 9. Change in the transmission in dependence of the relative
refractive index change in the surrounding material. The transmis-
sion values are calculated for the same structure geometry used in
Fig. 8 for the angular dependence. The transmission was calculated
for a wavelength of A=912.1 nm close to the peak transmission of
the structure in dependence on the refractive index of the surround-
ing top-half space.

ture is easy to fabricate, it could be an interesting candidate
for slowing down light and enhancing nonlinear effects for
integrated nano-optic devices without using materials with
large nonlinear coefficients.
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