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We theoretically demonstrate a subwavelength spoof surface-plasmon—polariton (SPP) microcavity on a
planar metallic surface working at the terahertz regime with a high-quality factor and ultra-small mode
volume. The microcavity is based on plasmonic and metamaterial notions, and it consists of an easy-to-
manufacture circular aperture and a bell-shaped metallic core. It is shown that such a structure can
sustain SPP eigenmodes whose fields are tightly trapped within the microcavity. Using the proposed
structure, a total @ factor of 1000 (including losses from metals at low temperatures) and subwavelength
mode volume of 0.00018(1/2)? can be achieved in the THz range for the fundamental surface-plasmonic
eigenmode at room temperature. Moreover, the key figures of merit such as resonance frequency can be
flexibly tuned by modifying the geometry of the microcavity, making it attractive for broad applications in

filters, light sources, energy storage, and on-chip optical communications. © 2014 Optical Society of

America
OCIS codes:
http://dx.doi.org/10.1364/A0.53.001118

1. Introduction

Electromagnetic (EM) radiation in the terahertz
(THz) range bridges a gap between the far-infrared
(photonics) and the microwave (electronics) regimes
and has great potential in a broad range of scientific
and technological areas, such as medical diagnostics,
sensing, security imaging, and communications [1].
With recent advances in THz source and detection
techniques, the building of highly compact THz cir-
cuits has stood out as an important accomplishment.
Compared with other THz optical waveguides such
as dielectric wires [2], photonic crystal fibers [3],
and low-index discontinuity waveguides [4], surface
plasmon polariton (SPP) is one of the most promising
approaches for transporting and manipulating
THz waves down to a deep subwavelength scale,
making it possible to design and produce highly in-
tegrated THz circuits [5]. However, due to the huge
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(240.6680) Surface plasmons; (250.5403) Plasmonics.

permittivity of metals in the THz regime, the high
confinement of SPPs at flat metal surfaces cannot
be achieved, making them not suitable for routing
applications and manipulations. To solve this prob-
lem, the idea of tailoring the topography of a perfect
conductor to allow the existence of surface waves
with behavior resembling that of SPPs (dubbed
spoof SPPs) at optical frequencies was discussed in
the context of 2D hole lattices [6] and 1D groove
arrays [7]. The existence of such spoof SPPs has re-
cently been verified in the THz regimes [8]. After
that, many designs of THz plasmonic waveguides
carrying tightly confined EM modes with subwave-
length transverse cross section have been suggested
[9-14]. However, the spoof plasmonic resonant
cavities working at THz frequency with a high-
quality factor (related to the dissipation rate of
photons confined to the cavity) and ultra-small mode
volume (the electric field strength per photon) have
not been paid sufficient attention by researchers. It is
well known that the subwavelength microcavities
represent a critical application that can exploit field
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compression to create ultrasmall mode volume devi-
ces, which provide the necessary functionalities
needed to assemble fully operational THz plasmonic
circuits. Although the THz waveguides can be used to
construct waveguide ring resonators [13] that enable
the routing of various frequencies to different output
ports, it is difficult for such filtering systems to
reduce the whole device size to subwavelength scale
and achieve relative small radiation loss in the
meanwhile. This makes SPPs restricted in many
important applications, especially in the THz
regimes where deep subwavelength optical device
techniques will be critical for integrating THz
photonic and electronic circuits on a same CMOS-
compatible chip. Because the behavior of the spoof
SPPs closely resembles that of the conventional
SPPs at optical frequencies, it seems that the THz
spoof plasmonic resonant cavities can be designed
efficiently by directly borrowing ideas from their
counterparts in the visible range [15].

In this paper, we theoretically demonstrate a
subwavelength THz microcavity with not only a
high-quality factor but also ultra-small mode vol-
ume, which is made by drilling a circular hole on
the metallic surface with a bell-shaped core left
inside. The proposed microcavity has a planar and
monolithic structure, and it is easy to be manufac-
tured. It is found that such a microcavity is able to
simultaneously achieve an ultra-small mode volume
(0.00018(4/2)%) and a significantly high @ factor
(greater than 1000) in the THz regime for the funda-
mental spoof plasmonic microcavity eigenmode. The
achieved @ factor is very close to the theoretical
metal-loss-limited quality factor. The nearly ideal
Q factor is attributed to the suppression and minimi-
zation of radiation and scattering loss by the pro-
posed geometrical structure. We also demonstrate
that frequency dependent transmission can be
realized in a spoof SPP waveguide by breaking the
waveguide and inserting the proposed microcavity
in the middle as a filter.

2. Proposed Microcavity and Its Analysis

The proposed THz spoof SPP microcavity consists of
a circular aperture and a bell-shaped metallic core
inside the aperture, where the aperture and the core
are obtained by drilling on a flat metal surface. In
contrast with the whispering-gallery microcavities
working in the visible and near-infrared regimes,
the proposed microcavity is a planar and monolithic
system and should not pose significant manufactur-
ing problems. The basic structure of the microcavity
is sketched in Fig. 1(a). The geometric parameters
defining the circular hole are the depth, H, and
the diameter, d. The bell-shaped metallic core in
the bottom of the round hole has a height of &,
and its peak is rounded with curvature radius r.
For the proposed microcavity, the lower part with
height being h is a coaxial line without cut-off
frequency, while the upper part with height being
h' = H - h is a metallic circular waveguide with a
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Fig. 1. (a) From left to right are, respectively, the 3D schematic,
side view, and front view of the THz spoof plasmonic microcavity.
The structure consists of an inner bell-shaped core and a circular
aperture as a shield, both made of plasmonic metal (e.g., copper). H
and d are, respectively, the depth and the diameter of the circular
hole, and & and r are, respectively, the height and the curvature
radius of rounded apex of the bell-shaped core. (b) The normalized
resonance frequency as functions of A for the three lowest-order
eigenmodes of the microcavity with H = 3d, r = 0.05d, and
d = 100 pm. The yellow dashed line indicates the normalized
cut-off frequency of the circular waveguide in the upper part of
the microcavity. (c) The effective mode volume of the three-lowest
eigenmodes of the microcavity versus i for the microcavity as
described in (b). Insets show the fundamental (first-), second-,
and third-order eigenmodes (SPP,,) of the cavity for the case of
h = 1.5d.

Effective mode volume [(M2n)3]

certain cut-off frequency (denoted by f.). When the
resonance frequency of the microcavity is below f,,
the upper part acts as a bandgap mirror, thus the
energy is confined in the coaxial part (i.e., the lower
part) of the microcavity. On the other hand, when the
resonance frequencies of the spoof plasmonic micro-
cavity eigenmodes are above f,., the energy will
elapse through the circular waveguide into the free
space and the microcavity modes will disappear.
This means that the mode number for this THz mi-
crocavity is finite, where the mode number is defined
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as the number of antinodes in the absolute electric
field along the bell-shaped core (i.e., z direction).

To gain physical insight, we first model the metal
as a perfect electric conductor (PEC), which is an
excellent approximation for real metal in the THz
regime. Full vectorial finite element analysis has
been performed for the THz spoof plasmonic micro-
cavity by using commercial software (i.e., COMSOL
Multiphysics). It should be noted that, as we are con-
sidering the PEC approximation, all magnitudes of
the geometrical parameters and resonance frequen-
cies of this THz spoof plasmonic cavity are scalable,
and we thus take the circular aperture’s diameter d
as a unit length.

Figure 1(b) shows the cavity mode dispersion
diagram of a THz spoof plasmonic microcavity with
H = 3d and r = 0.05d, where the horizontal axis cor-
responds to the height of the bell-shaped core, and
the vertical axis corresponds to the real part of the
normalized resonance frequency of the cavity modes.
The simulation results for the first-order, second-
order, and third-order cavity modes are plotted using
green squares, pink circles, and blue triangles, re-
spectively. The results for the resonance frequencies
of the cavity modes as shown in Fig. 1(b) indicate that
the proposed microcavity is able to support THz wave
eigenmodes if its geometrical parameters are prop-
erly selected. For this type of cavity, the resonant con-
dition has the form of 2kyh + = + ¢, = 2nz, where n
is the mode orders, 2y, = w/c is the wavenumber in
vacuum, and ¢,, is the reflection phase from the
upper circular waveguide. It is evident that the nor-
malized resonance frequency closely depends on the
core height & (i.e., monotonously decreasing with h).
For the microcavity studied herein, the normalized
cut-off frequency (TM,; mode) f. of the metallic
circular waveguide is about 0.7655 and is indicated
using the yellow dashed line in Fig. 1(b).

The mode volume V,, is one of the key para-
meters for a microcavity, which is defined as
the ratio of total electric field energy to the
maximum of the electric field energy density, i.e.,

x/d

Vi = (fy ()|E(r)|?d®r/ max[e(r)|E(r)|?]), where &(r)
and E(r) are, respectively, the dielectric constant
and the electric field strength at a point with the
3D coordinate being r, and V is a quantization vol-
ume encompassing the microcavity and with bounda-
ries in the radiation zone of the cavity mode under
study. The effective mode volume, Vg, is the mode
volume V,, normalized to (1/2)3, where A is the
vacuum wavelength in the material. In Fig. 1(c),
the effective mode volumes of the three lowest-order
spoof plasmonic microcavity eigenmodes are plotted
as functions of the height of the bell-shaped core, A.
As expected, the mode volume for a same eigenmode
will continuously and quickly decrease as the height
h is increased, and a lower-order eigenmode will
have a smaller mode volume for the same value of
h. Moreover, it is observed that the normalized mode
volume and resonance frequency will keep un-
changed when the cavity size is proportionally
scaled. This means both of them can be easily scaled
to other frequency regimes. In the insets of Fig. 1(c),
we have also shown the simulation results for the
absolute electric field amplitude on the plane that
halves the microcavity vertically. It is evident that
the spoof plasmonic microcavity eigenmodes have
absolute electric field profiles that peak at the apex
of the bell-shaped core.

It should be noted that, in Figs. 1(b) and 1(c), the
notation SPP,, (m = 1, 2, or 3) stands for a SPP mode
with mode number being m. Moreover, as higher-
order modes have larger mode volume, we will only
consider the fundamental eigenmode, which owns
the most superior properties and promising applica-
tions in the rest of this paper.

In order to gain further insight into the underlying
physics of the proposed microcavity structure, the
electric and magnetic field amplitude distributions
of the fundamental eigenmode (i.e., first-order eigen-
mode) are analyzed via simulations. Figure 2 depicts
the calculated mode profile for a typical microcavity
structure with H =2d, h = 1.5d, and r = 0.05d,
where d is chosen as 100 pm in simulations.
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Fig. 2. Electric and magnetic field intensity distributions of the fundamental eigenmode in a microcavity with d = 100 pm, H = 300 pm,
r =5 pm, and A = 150 pm. (a) Electric field and (e) magnetic field on the plane of z = =30 pm. (b) Electric field and (f) magnetic field of
coaxial mode on the plane of z = —100 pm plane. (c) Electric field and (d) magnetic field on the plane that halving the microcavity vertically.
The small white arrows indicate the orientation of the field, and the big white arrow indicates the direction of the input field.
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Panels (¢) and (d) indicate the longitudinal cross
sections (i.e., x — z plane) of the electric field ampli-
tude and the magnetic field amplitude, respectively.
Panels (a) and (b), respectively, show the transverse
cross sections (i.e., x-y plane) of the electric field
amplitude at z = -0.3d and z = -d, and panels (e)
and (f) show the magnetic field amplitude distribu-
tions on the corresponding planes. The smaller white
arrows represent the field orientation, and the bigger
white arrows indicate the orientation of the input
field. Evidently, the mode in the main part (i.e.,
the lower part) of the cavity is a typical coaxial mode
without cut-off frequency, and the field in the upper
part of the microcavity is a TMy; mode of metallic cir-
cular waveguide that is evanescent. The decay length
of the evanescent wave with mode frequency being f

is defined as I' = ¢/27+/f? - f2. As demonstrated in
the next paragraph, when the upper part’s length
h' is much greater than the decay length /', the
radiation loss through the opening of the circular
waveguide becomes negligible. This means the field
energy will be tightly confined in the microcavity. For
the microcavity studied here, /' is equal to 0.5d, and
[’ for the fundamental eigenmode is about 0.2d [see B
in Fig. 3(a)]. Since the fundamental eigenmode sat-
isfies A’ > ', it should be confined in the microcavity.
This has been confirmed by Fig. 2.

In addition to the resonance frequency and the
effective mode volume, the quality factor (denoted
by @) is also an important parameter for plasmon
resonance. A higher-quality factor is often desirable,
as it means sharper resonance that leads to stronger
local-field enhancement. The radiation quality factor
is defined as @,q = w( [, W(r)d®r/P,), where W(r) =
(1/2)[e(r)|E(r)|? + u(r)[H(r)|?] is the total energy den-
sity, w is the angular frequency of the mode, and P, is
the radiation loss energy. In the following, we will ex-
amine the influence of the geometrical parameters of
the microcavity on the radiation quality factor. The
radiation quality factor can be found by modeling
the metals as PEC in computer simulations and
thereby removing the resistive metallic loss. A
perfectly matched layer (PML) is used to absorb
all radiation from the cavity [16] in simulations.
The simulation results for the dependence of @,.q
on A’ are shown in Fig. 3(a), where the decay length
values for h = 2d, h = 1.5d, h = d, and h = 0.5d are
marked using A, B, C, and D, respectively. It can be
observed that @,,4 is heavily dependent on /', and its
value rises quickly as A’ is increased. An ultrahigh
radiation quality factor can be easily achieved when
the parameter 4’ is larger than the decay length. This
is because when &' is significantly larger than the de-
cay length, the modal fields will be well confined in
the cavity, and the radiation loss through the opening
of the upper circular waveguide will become negli-
gible. On the other hand, the dependence of Q.4
on the parameter r is weaker. This is illustrated
by the relationship between @,,q and r for a micro-
cavity with H = 2d and h = 1.5d, which is shown
in Fig. 3(b) using the green dotted line.
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Fig. 3. (a) Dependence of radiation quality factor on the param-

eter 1’ under different values of bell-shaped core height 4. The
horizontal coordinates of the plus signs labeled with A, B, C,
and D correspond to the decay length values of the resonance
frequencies for h = 2d, h = 1.5d, h = d, and h = 0.5d, respectively.
The other parameters of the microcavity are d = 100 pm and
r =5 pm. (b) The absorption quality factor (pink solid line), radi-
ation quality factor (green dotted line), and total quality factor
(black circles) as functions of the radius of curvature of the bell-
shaped core r, where the other parameters of the microcavity
are h' = 50 pm, h = 150 pm, and d = 100 pm.

In the above analysis, the metal is modeled as a
PEC; thus the eigenmodes sustained by the THz mi-
crocavity are lossless. However, the loss of spoof SPPs
is actually remarkable at THz frequencies when they
are strongly confined [17,18]. To validate the effec-
tiveness of our proposed structure in term of quality
factor, we now consider a realistic cavity model at
THz frequencies and examine the attenuation behav-
ior of the fundamental eigenmode due to the absorp-
tion loss in the metal with finite conductivity. In
order to make the microcavity operate in the THz re-
gion, we choose the diameter of the round hole as
d = 100 pm. The metal is considered to be copper
(Cu), and its dielectric properties are modeled using
the Drude model with the parameters taken from
[19]. We use a perturbation approach [20] to evaluate
the metal-loss quality factor Q,, = w ([, W(r)d®r/P,),
where P; is the power dissipated in the metal.
The total @ factor (denoted by @) is then calcu-
lated directly from the energy distribution, i.e.,
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Q. ~ Q7f + Q. That is, Q. includes contributions
from intrinsic metal loss and geometry-dependent
radiation loss through the hole opening. The simula-
tion results of @, @, and Q.. are, respectively,
shown in Fig. 3(b) using pink line, green dotted line,
and black circles, where the other parameters are
H =200 pm and A = 150 pm. It can be seen that
the @ factor of this THz spoof SPP microcavity is
metal-loss limited, i.e., @ ~ Q.- This is because
the microcavity has an ultrahigh radiation quality
factor (i.e., @,4,), Which is larger than the metal-
loss-limited @ factor (i.e., @,,) by several orders,
making the contribution of @,,, to Q.. negligible.
From Fig. 3(b), it can also be observed that both
the metal-absorption quality factor @,;, and the total
quality factor @,,; decreases as the radius of curva-
ture of the bell-shaped core (i.e., r) grows. This can
be explained by the field distributions in Fig. 2,
where the bulk of the mode energy is distributed
near the metallic core. As the value of r is increased,
the core side area will become larger. Accordingly, the
absorption power (i.e., P,,) will increase, leading to
smaller @;,; and Qg,. It should be noted that the
quality factor can be further improved by using met-
als such as silver (Ag) or gold (Au), which have lower
loss coefficients, or by optimizing the cavity design
and mode profiles. Additionally, our numerical analy-
sis shows that the total quality factor increases as
the diameter of the microcavity d grows, and total
Q factor of 1000 and subwavelength mode volume
of 0.00018(4/2)3 can be achieved in the THz range
for the fundamental spoof plasmonic microcavity
eigenmodes when the parameters of the spoof SPP
microcavity are d = 300 pm, H = 2d, h = 1.5d, and
r = 5 pm, respectively.

Now we turn to demonstrate that frequency-
dependent transmission can be realized by using
the proposed microcavity. For this purpose, we con-
sider a filtering system based on the proposed micro-
cavity and a spoof SPP waveguide, where the spoof

SPP waveguide consists of a single row of rectangle
holes periodically drilled into a flat metal surface.
The spoof SPP waveguide is broken by removing
three holes, and the proposed microcavity is placed
in the middle of the removed area. To analyze the
wave transmission through such a spoof SPP wave-
guide, we perform numerical simulations using the
finite element method (FEM). In order to evaluate
the transmission purely associated with the THz mi-
crocavity, the metal is approximated as PEC in the
simulations. Figure 4(a) shows the transmission
spectrum of the filter system. Figures 4(b)-4(d) show
the simulation results for the absolute electric
field amplitude on the plane located at z =2 pm
above the top of the waveguide, where the input wave
frequencies for Figs. 4(b)-4(d) are f = 0.88 THz,
f =091 THz, and f = 0.94 THz, respectively. In
the simulated system, the geometrical parameters
of the used THz spoof plasmonic microcavity
are d=150pm, H =100 pm, r=5pum, and
h =100 pm. With the above parameters, the reso-
nance frequency of the THz plasmonic microcavity
is found to be f ~ 0.91 THz. The results as shown
in Figs. 4(a) and 4(c) indicate that the amplitude
transmissivity at the resonance frequency of the
microcavity is very large (about 85%). In fact, nonne-
gligible radiation loss (about 15% of the input power)
only occurs at the microcavity in the middle of the
broken spoof SPP waveguide, and it is reasonably
small since no optimization was attempted.
On the other hand, as demonstrated in Figs. 4(b)
and 4(d), the values of the amplitude transmissivity
for inputs with frequencies not equal to the reso-
nance frequency are very small (less than 10%),
which match well with the transmission spectrum
of this filter system as shown in Fig. 4(a). It can be pre-
dicted that, if design optimization is performed, the
transmissivity for an input with frequency not
equal to the resonance frequency can be further sup-
pressed toward zero. In a word, frequency-dependent
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Fig. 4. (a) Transmission spectrum of the proposed filter system. Electric field amplitude distribution on a horizontal plane, which is 2 pm

above the microcavity and waveguide along the z direction, where the input frequencies are (b) f = 0.88 THz, (c) f = 0.91 THz (resonance
frequency of the microcavity), and (d) f = 0.94 THz frequency, respectively.
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transmission has been achieved in the broken spoof
SPP waveguide containing the proposed microcavity.

3. Conclusions

In summary, we have presented a new THz spoof
plasmonic microcavity consisting of a bell-shaped
metallic core within a circular aperture drilled on
a flat metallic surface. The proposed microcavity is
able to achieve an ultrahigh radiation quality factor,
making its total quality factor close to the theoretical
metal-loss-limited @ factor. It possesses subwave-
length-scale physical size and extremely small mode
volume. Moreover, the microcavity’s resonance
frequency, mode volume, and quality factor are all
controlled by its geometrical parameters, which
can be tuned at will. We have also shown that fre-
quency-dependent transmission can be achieved in
a filtering system based on the proposed microcavity
and a broken spoof SPP waveguide. The proposed
subwavelength microcavity can be used as filters
or couplers, and it may find plenty of applications
in the miniaturization and integration of THz optical
components.

This work was supported by Natural Science
Foundation of Ningbo (nos. 2013A610004 and
2011A610105) and NSFC grant 61275183.
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