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We theoretically demonstrate the coupling between localized surface plasmons (LSPs) and two types of hybrid
Tamm plasmons (TPs) in a system consisting of a metallic nanowire array incorporated into a microcavity with an
intracavity metal layer. Theoretical studies show that the interaction of the LSPs with these two hybrid TPs can be
manipulated by changing the length of the cavity, and strong coupling between the LSPs and one of the hybrid
TPs is observed, manifested by a huge anticrossing in the dispersion diagram. The coupling results in a
surprisingly large splitting of 299 meV, as well as two branches of new hybrid TP-LSP modes. The hybrid
TP-LSP modes feature both TP and LSP characteristics. The electric fields between the wire edges and the metal
layer are significantly enhanced, and the magnetic fields are highly confined underneath the metal nanowires
and to the interface of the metal layer. Furthermore, because of the coupling with the LSP, the coupling between
these two hybrid TPs is also enhanced greatly in the considered structure. These findings hold promise in
applications such as plasmon enhanced nonlinear nano-optics and reduction of lasing threshold in organic

microcavities. © 2015 Optical Society of America
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1. INTRODUCTION

Tamm plasmons (TPs) are a novel kind of surface electromag-
netic waves supported at the interface of a metal layer and a
distributed Bragg reflector (DBR) [1]. Contrary to surface
plasmon polaritons (SPPs), TPs can be formed in both TE
and TM polarizations, and possess an in-plane parabolic
dispersion within the light cone. Therefore, they can be excited
at all angles of incidence directly. Furthermore, the typical
linewidth of TPs is one order of magnitude lower than the
one of ordinary surface plasmons, resulting in higher surface
fields and longer propagation distances, which makes them
attractive for enhancing light-matter interaction at nanoscale.
These remarkable properties of TPs open fascinating applica-
tions in resonant optical filters [2], bistable switching [3], and
sensors [4].

In addition, the interaction of TPs with other resonances,
such as excitons or microcavity modes, has also been explored
in the last few years because of prospective applications in new
compact lasers [5,6] and polariton integrated circuits [7]. In the
case of incorporating a thin metal layer into a planar organic
microcavity, a transition from a single cavity mode into two
hybrid TP modes is observed [8,9]. The eigenenergies of these
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hybrid TP modes depend on both the thickness of the metal
layer and the adjacent dielectric layers. By further structuring
the metal layer incorporated into the cavity, macroscopic coher-
ence [10] and strong lateral confinement [11] of light are ob-
served, which can help in the realization of an electrically driven
organic laser diode. The coupling between TPs and SPPs, as
well as localized surface plasmons (LSPs), has also been theo-
retically explored in a multilayer structure consisting of a met-
allic nanowire array arranged on top of a metal layer-DBR
structure [12]. Despite strong light confinements, the formed
TP-SPP and TP-LSP hybrid states also exhibit extremely
narrow linewidths and enhanced local fields. Experimental veri-
fication of the TP-SPP hybrid state was then reported in the
Kretschmann configuration [13]. The advantage of the formed
TP-SPP hybrid state is that it allows us to realize a highly sen-
sitive and accurate sensor [14], and to efficiently out-couple
and beam TPs [15]. However, in all these cases, TPs and
SPPs (or LSPs) are excited at the two different interfaces of
the metal layer. Coupling between TPs and SPPs (or LSPs)
mainly relies on the frustrated decay of optical fields through
the metal layer, which greatly limits the maximum coupling
strength that can be achieved.
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In this paper, we present a configuration in which a metallic
nanowire array is incorporated into a microcavity with an intra-
cavity metal layer. In addition to the LSPs being excited
on metallic nanowires, two kinds of hybrid TPs can also be
separately formed on the two interfaces of the intracavity metal
layer, labeled as TP I and TP II, respectively [8]. Theoretical
studies show that the interaction of the LSPs with these two
kinds of hybrid TPs can be manipulated by changing the length
of the cavity, and strong coupling between the LSPs and one of
the hybrid TPs (TP I) is observed, manifested by a huge anti-
crossing in the dispersion diagram. The coupling results in a
surprisingly large splitting of 299 meV, as well as two branches
of new hybrid LSP-TP modes. Upon the excitation of the
hybrid LSP-TP mode, the electric fields between the wire edges
and the metal layer are significantly enhanced. Furthermore,
the coupling between the two hybrid TPs is also enhanced
greatly in the considered structure, which can be attributed
to the strong confinement of the local fields near the intracavity
metal layer produced by the incorporated nanowires.

2. SYSTEM DESCRIPTION

Our system consists of a metallic nanowire array incorporated
into a microcavity with an intracavity metal layer, as shown in
Fig. 1. The bottom DBR is composed of six pairs of alternating
TiO, (n=12.2) and SiO, (#n = 1.5) layers, each of one-
quarter wavelength optical thickness at a design wavelength
0f 962 nm. On top of the bottom DBR, a TiO, dielectric layer
and a silver layer with a thickness of 4, = 140 nm and
d 40 = 30 nm, respectively, are deposited. Then, a cavity with
length of 4., is formed with a top DBR having the same param-
eters as those of the bottom DBR. At last, a gold nanowire array
with a periodicity of p = 200 nm along the x-axis is incorpo-
rated in the cavity, and placed 30 nm above the silver layer. In
our analysis, the gold nanowires have a cross section of
100 nm x 20 nm. The whole structure is assumed to be infin-
ite along the y direction, and illuminated by a TE- or TM-
polarized (electric or magnetic field parallel to the y-axis) plane
wave from top to bottom at normal incidence. All spectra and
field distributions are calculated by employing rigorous coupled
wave analysis (RCWA) [16,17], and the wavelength-dependent
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Fig. 1. Schematic view of the composite metal nanostructures stud-

ied in this paper.

complex dielectric constants of gold and silver are taken
from [18].

3. PLASMON RESPONSE OF A MICROCAVITY
WITH AN INTRACAVITY METAL LAYER

Figures 2(a) and 2(b) present the normal-incidence reflection
and transmission spectra of a microcavity with or without an
intracavity metal layer. The thickness of the cavity layer is taken
as d, = 295 nm. In the absence of a metal layer, a single cavity
resonance, as well as two broad DBR sidebands, is observed.
When a 30 nm metal layer is embedded into the microcavity,
the original cavity resonance is transformed into two optical
resonances. These coupled states are hybrid modes of the
TPs and the cavity mode [8], labeled as TP I and TP II, re-
spectively. Their eigenenergies depend on both the thicknesses
of the metal layer and the adjacent dielectric layers. Figure 3
displays the normalized electric and magnetic field intensity
distributions along the direction normal to the microcavity
plane for these two hybrid TP modes. Upon the excitation
of the TP I mode, it is observed that the electric fields are
enhanced greatly at the center of the cavity [Fig. 3(a)], while
the magnetic fields are highly enhanced at the interface between
the cavity and the metal layer [Fig. 3(b)]. On the other hand,
electric field intensities of the TP II mode [Fig. 3(c)] have a
peak in the TiO, dielectric layer close to the metal layer,
and the magnetic field intensity distribution [Fig. 3(d)] exhibits
a maximum at the other interface of the metal layer. The elec-
tric or magnetic field intensity enhancement factor of TP II is
much smaller than that of TP I.

Furthermore, when a gold nanowire array is embedded in
the cavity and placed close to the metal layer, because of the
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Fig. 2. (a) Reflection and (b) transmission spectra for a microcavity
with (solid line) or without (dashed line) an intracavity metal layer at
normal incidence.
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Fig. 3. (a) and (b) Normalized electric and magnetic field intensity
distributions along the z direction of the microcavity with an intra-
cavity metal layer for the TP I mode. (c) and (d) Normalized electric
and magnetic field intensity distributions along the z direction of the
microcavity with an intracavity metal layer for the TP II mode.

interaction of the LSPs excited on the nanowires with their
dipole images in the metal layer [19,20], the electromagnetic
fields can be highly confined and enhanced in the space
between the nanowires and the metal film. Thus, strong cou-
pling between the LSP and the TP I mode may be achieved in
the considered structure because of large spatial overlap of their
mode fields, and the electromagnetic field enhancements in the
nanowire film space associated with excitation of the hybrid
TP-LSP state can be very large.

4. CAVITY THICKNESS CONTROLLED
LSP-HYBRID TPS MODE COUPLING

As previously reported [8], the eigen-energies of the TP I mode
depend on the thickness of the cavity layer. To investigate the
coupling between the LSP mode and these hybrid TP modes,
in Fig. 4 we present the contour plots of the reflection versus
wavelength and cavity layer thicknesses &, for the considered
structure shown in Fig. 1, illuminated by TE- or TM-polarized
light at normal incidence. For TE polarization, the LSPs of the
nanowires cannot be excited; only TP I and TP II modes can be
formed. It is observed in Fig. 4(a) that multiple-order TP I
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Fig. 4. Contour plots of the reflection versus wavelength and cavity
layer thickness (,) for the considered structure consisting of a metallic
nanowire array incorporated into a microcavity with an intracavity
metal layer, illuminated by the (a) TE- and (b) TM-polarized light
at normal incidence. In panel (b), the horizontal dashed and
dashed-dotted lines denote the resonance positions of the unperturbed
LSP and TP II modes, respectively; the dotted lines denote the reso-
nance positions of the unperturbed TP I mode; the black arrows
indicate splittings caused by mode couplings.

modes exist in the considered range of cavity layer thicknesses.
With the increase of 4, the resonance wavelength of the TP I
mode periodically increases, while that of the TP II mode
remains unchanged, and an anticrossing behavior, as well as
a small splitting, can be seen when the resonance wavelengths
of TP I and TP II are approximately equal. These results in-
dicate that the coupling between the TP I and TP II modes is
relatively weak. The reason is that the TP I and TP II modes are
separately formed on the opposite interfaces of the intracavity
metal layer; the coupling between the TP I and TP II modes
mainly depends on the frustrated decay of optical fields through
the metal layer. Therefore, the coupling strength between these
two hybrid TP modes is limited by the thickness of the intra-
cavity metal layer.

Figure 4(b) shows the reflection spectra of the considered
structure for TM polarization. In this situation, besides the
two hybrid TP modes formed on the interfaces of the metal
layer, an LSP located at A = 915 nm can be excited on the gold
nanowire array. In the figure, the resonant positions of the un-
perturbed LSP excited on a metallic nanowire array coupled to a
metal film are depicted as a horizontal dashed line, and those of
the unperturbed TP I and TP II are extracted from Fig. 4(a),
and denoted by dotted lines and a horizontal dashed-dotted
line, respectively. With the increase of 4, anticrossing of the
resonance positions is observed when the resonance wave-
lengths of the TP I and the LSP are approximately equal,
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showing a splitting of 299 meV (indicated by the longer black
arrow) at d. = 295 nm, which is a signature of the strong cou-
pling between the TP I mode and the LSP mode. In addition,
the coupling results in two branches of new hybrid modes,
called TP I-LSP hybrid modes in the following. With a further
increasing in d., an anticross behavior is also observed at d, =
350 nm between the lower branch TP I-LSP hybrid mode and
the TP II mode, and the splitting [denoted by the shorter black
arrow in Fig. 4(b)] caused by the coupling between these two
modes is much larger than that between the TP I and TP II
modes shown in Fig. 4(a). This means that the coupling
between TP I and TP II can be enhanced greatly by embedding
gold nanowires into the cavity with an intracavity metal layer.
The underlying mechanism will be explained in the following,.

5. MODE SPLITTING AND THE NATURE OF THE
FORMED HYBRID MODES

In Figs. 5(a) and 5(b), the reflection and transmission spectra of
the studied structure are plotted, respectively, at a cavity length
of d, = 295 nm for TE and TM polarizations, assuming nor-
mal light incidence. For the sake of comparison, those of the
structure without incorporated nanowires are shown by the
dashed curves. For TE polarization, only TP I and TP II modes
can be formed. It is observed that the resonance wavelength of
TP I mode is blue shifted when Au nanowires are incorporated,
and the depth of the reflection dip caused by the excitation of
TP I mode is increased drastically. At the same time, the cor-
responding transmission is very low, indicating a high narrow

band absorption of TE polarization light at the TP I mode. For
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Fig. 5. (a) Reflection and (b) transmission spectra of the studied
structure with incorporated nanowires for TE and TM polarizations,
and normal light incidence, at &, = 295 nm where strong coupling
between TP I and LSP happens. As a comparison, the corresponding
reflection and transmission spectra of the studied structure without
incorporated nanowires are shown by dashed curves.

TM polarization, the resonance wavelength of TP I corre-
sponds to that of the LSP at this cavity length, and the splitting
of TP Iinto two new TP I-LSP hybrid modes, labeled as A and
B, can be directly observed. These two hybrid modes result
in two deep dips in the reflection spectrum, as well as two very
low peaks in the transmission spectrum, which indicates that
the proposed multilayer structure has an extra potential appli-
cation in tunable multi-band absorbing polarization filters.
Furthermore, the amplitude of the reflection dip or transmis-
sion peak associated with TP II is also increased largely in this
situation. This means that, because of the coupling between the
LSP and TP I, light can also be coupled to the TP II mode more
easily.

Figures 6(a) and 6(b) show the normalized electric and mag-
netic field intensity distributions of the TP I mode, respectively,
in the studied structure with incorporated nanowires for TE
polarization. It is observed that the incorporated nanowires

-50 0 50 100 -50 0
x (nm) x (nm)

50 100

Fig. 6. (a) and (b) Normalized electric and magnetic field intensity
distributions of the TP I mode in the studied structure with incorpo-
rated nanowires for TE polarization. (c) and (d) Normalized electric
and magnetic field intensity distributions of the hybrid TPI-LSP mode
labeled as A for TM polarization. (e) and (f) Same as (c) and (d),
respectively, but for the hybrid TP I-LSP mode labeled as B.

White lines denote the cross section of the structures.
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have a negligible influence on the electric field intensity distri-
bution; the electric fields are mainly confined in the cavity, the
same as that of the structure without incorporated nanowires
shown in Fig. 3(a), while the magnetic fields are highly en-
hanced near the top surface of the nanowires. However, for
TM polarization, because of coupling with the LSP, the electric
fields of the hybrid TPI-LSP mode labeled as A are highly con-
fined and enhanced at the wire edges, and the magnetic fields
are strongly localized into the space between the nanowires and
the metal film as shown in Figs. 6(c) and 6(d), which is the
signature of the LSP excited on the metal nanowires.

While the B mode features both the TP I and the LSP char-
acteristics [see Fig. 6(e) and 6(f)]. First, because of the coupling
with the TP I mode, the electric fields near the metal nanowire
edges are further enhanced [see Fig. 6(c)], and the maximum
electric field intensity is about 2.6 times that obtained by the
excitation of the LSP on a metallic nanowire array coupled with
a metal film (not shown here). Second, the electric field inten-
sity also exhibits peaks in the center of the cavity, as well as at
the interfaces between the TiO, and SiO, layers of the top
DBR, a signature of the TP I mode. On the other hand, as
shown in Fig. 6(f), the magnetic fields underneath the metal
nanowires are significantly enhanced upon the excitation of
mode B, and the maximum field intensity is about 4.3 times
that obtained by the excitation of the LSP on a metallic nano-
wire array coupled with a metal film (not shown here). In this
situation, the electromagnetic fields penetrating through the
metal layer are enhanced greatly, and this is the reason why
the coupling between TP I and TP II is enhanced greatly with
the gold nanowire array incorporated. In addition, the magnetic
fields are also enhanced on the top interface of the metal film
and the interface between the cavity and the top DBR, also a
signature of the TP I mode.

When the cavity length increases to d, = 350 nm, the res-
onance wavelength of the lower branch TP I-LSP hybrid mode
and that of the TP II mode are approximately equal; the reflec-
tion and transmission spectra of the studied structure are shown
in Figs. 7(a) and 7(b), respectively, assuming normal light in-
cidence and TM polarization. For a comparison, those of the
structure without incorporated nanowires are shown by dashed
lines. It is observed that the TP II mode is split into two well-
separated hybrid modes C and D because of the coupling with
the lower branch TP I-LSP hybrid mode. These two hybrid
modes result in two deep dips in the reflection spectrum,
and the structure has relatively high transmissions (> 0.5)
at these two hybrid modes. In Fig. 8, we show the normalized
electric and magnetic field intensity distributions of these two
hybrid modes, labeled as C and D. Obviously, both the C and
D modes feature the lower branch TP I-LSP hybrid mode and
the TP II mode characteristics; namely, their magnetic field
intensities are confined within the space underneath the nano-
wires and to both sides of the metal layer.

6. COUPLING MECHANISM EXPLANATION

To better understand the coupling mechanism, the dependence
of the resonance positions of the coupled system on the cavity
length d, is calculated using a coupled oscillator model [21],
which describes the coupling behavior of the original “bare”
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Fig. 7. (a) Reflection and (b) transmission spectra of the studied
structure with incorporated nanowires for TM polarization and nor-
mal light incidence, at 4, = 350 nm, where strong coupling between
the lower branch TP I-LSP hybrid mode and the TP II mode occurs.
As a comparison, the corresponding reflection and transmission spec-
tra of the studied structure without incorporated nanowires are shown
by dashed curves.
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Fig. 8. (a) and (b) Normalized electric and magnetic field intensity
distributions of the hybrid mode labeled as C in the studied structure
for TM polarization. (c) and (d) Same as (a) and (b), respectively, but
for the hybrid mode labeled as D. White lines denote the cross section
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modes in the system. The corresponding bare modes are the
LSPs, the TP I modes, and the TP II modes. The effective

Hamiltonian at normal incidence can be written as

Erpr ViV,
H = vy Etpnp 0 B (1)
v, 0 Ersp

where Erp, Etppp, and Eygp are the energies of the uncoupled
TP I, TP II, and LSP modes, respectively. V', is the coupling
energy between the TP I and the TP II, and V), is the
coupling energy between the TP I and the LSP mode. The cou-
pling behavior can be described by introducing V| and V5, and
their amplitudes can be estimated from the energies of the split-
tings shown in Fig. 4(b).

The ecigenvalues of the Hamiltonian represent the new
eigenenergies of the coupled system. By taking the coupling
strength to be V| =30 meV and V, = 150 meV, the
dependence of resonance positions on the . obtained by
the coupled oscillator model is shown by the lines of red crosses
in Fig. 9. For a comparison, the resonance positions extracted
from the calculated reflection spectra [shown in Fig. 4(b)] are
shown by the open circle lines. Clearly, we observe a good
agreement between the positions obtained by the coupled os-
cillator model and those extracted from the reflection spectra.
The red curved lines denote the positions of the uncoupled
TP I mode, while the horizontal dashed and dashed-dotted
lines denote the positions of the unperturbed LSP and
TP II modes, respectively. At the crossings of the lines of
the LSP and the TP I, the resonance positions present obvious
anticrossings, which is a signature of the strong coupling be-
tween the LSP and the TP I mode. Furthermore, the coupling
results in two branches of new TP I-LSP hybrid modes, and
anticrossings between the lower branch TP I-LSP hybrid mode
and the TP II mode are also observed; the formed splittings are
much larger than those between the TP I mode and the TP II
mode shown in Fig. 4(a). This indicates that the coupling
between the TP I and TP II modes are enhanced greatly
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Fig. 9. Dependence of the resonance positions of the coupled
system on the cavity length &,.. The lines of red crosses indicate
the predicted resonance positions obtained by the coupled oscillator
model. The open circles in blue indicate the reflection positions ex-
tracted from the calculated reflection spectra shown in Fig. 4(b). The
horizontal dashed and dashed—dotted lines denote the positions of the
unperturbed LSP and TP II modes, respectively. The red curved lines
denote the positions of the uncoupled TP I mode.

because of the incorporation of the nanowires in the desired
structure.

7. CONCLUSION

In conclusion, we have demonstrated that strong coupling
between LSPs and hybrid TPs can be achieved by incorporating
a metallic nanowire array into a microcavity with an intracavity
metal layer, and the couplings can be tuned by changing the
cavity length. At appropriate cavity lengths, strong coupling
between LSPs and TPs results in large anticrossings in the re-
flection spectrum, as well as two branches of TP-LSP hybrid
modes. Upon the excitation of the TP-LSP hybrid mode,
the electromagnetic fields are enhanced significantly in the
space between the nanowires and the metal layer. Because of
coupling with the LSP mode, the coupling between the two
types of hybrid TPs is also enhanced greatly. Furthermore,
the observed coupling behavior is well explained using a
coupled oscillator model. These findings have potential appli-
cations in enhancing optical nonlinearity and reducing lasing
threshold in organic microcavities.
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