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Characteristics of a Vertical Metal-Insulator-Metal Microring Cavity
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We propose a vertical metal-insulator-metal (MIM) plasmonic cavity that comprises top Ag and
bottom InGaAsP microring structures on an Ag substrate. A full vectorial numerical simulation was
used to characterize the fundamental optical properties of the transverse-magnetic-like plasmonic
whispering-gallery-modes (WGMs) excited in a variety of MIM plasmonic cavities. In addition,
we exploit the controllability of far-field radiations using the single MIM microring cavity and
successfully demonstrate strong directional and localized vertical radiations from the plasmonic
WGMs by introducing a number of nanoscale disks along the circumference of the cavity. Our
plasmonic cavity can be applied as a component of nanoscale photonic integrated circuits as well
as spatially localized out-of-plane optical sensors.
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I. INTRODUCTION

Ultrasmall optical cavities are an essential element in
a highly integrated photonic circuit [1–3]. They en-
able efficient photon confinement in small physical vol-
umes [4–9] and serve as coherent light sources with ex-
tremely low power consumption [10,11] and fast modula-
tion speed [12]. In particular, plasmonic cavities that
integrate additional metal nanostructures with dielec-
tric cavities present a great potential to confine light
in a diffraction-limited volume and support resonant
modes at deep-subwavelength regime by allowing the
excitation of surface-plasmon-polaritons (SPPs) [13–16].
In the previous decade, various plasmonic light sources
with enhanced spontaneous emission and subsequent
ultralow-threshold lasing operations have been widely re-
ported; for example, electrically-pumped metallic-coated
nanocavities that consist of semiconductor heterostruc-
tures encapsulated within novel metals showed low-
threshold lasing action at a cryogenic temperature [11].
Furthermore, nanodisk/nanopan structures allowed fully
three-dimensional (3D) sub-diffraction-limited confine-
ment of mode, thus enabling SPP lasing [5,6,9,11,17].
However, these plasmonic cavities are limitedly appli-
cable to achieve both an efficient light extraction out-
side the plasmonic cavity and low-loss optical coupling
to other photonic elements. Therefore, novel plasmonic
cavity structures are still required for practical appli-
cations not only for in-plane circuit elements, but also
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for out-of-plane device platforms [18,19]. In this study,
we propose a plasmonic microring cavity that enables
full 3D confinement of the plasmonic mode in an ultra-
thin dielectric slab and enhances out-of-plane radiations
with controlled directionality. Our numerical simulations
show that the proposed cavity supports various plas-
monic modes with moderate quality factor of ∼ 200 and
mode volume of 0.5 (λ/n)3; in addition, it demonstrates
highly concentrated emission of radiations in a vertical
direction with a maximum power enhancement of ∼ 800.

II. RESULTS AND DISCUSSION

Figure 1(a) schematically illustrates a plasmonic struc-
ture that consists of a metal-semiconductor microring
cavity on top of the metal substrate, which forms a ver-
tical metal-insulator-metal (MIM) structure. The metal-
semiconductor microring supports various transverse-
electric like (TE-like) and transverse-magnetic-like (TM-
like) plasmonic whispering-gallery-modes (WGMs) at
the interface. In particular, the metal substrate serves as
a backside reflector, preventing the extension of the fields
of excited plasmonic modes, enabling full 3D confinement
of surface plasmons in a subwavelength volume. Fig-
ures 1(b) and (c) show the top and side views of the MIM
plasmonic cavity with detailed structural parameters as
follows; D: diameter of the top Ag and InGaAsP mi-
croring, W : width of the microring, h: height of top Ag
microring, and tInGaAsP: thickness of InGaAsP slab. We
performed a 3D finite-difference time-domain (FDTD)
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Fig. 1. (Color online) (a) Schematic of the proposed plas-
monic microring cavity structure. The InGaAsP microring
(cyan) is sandwiched between the Ag microring and substrate
(dark gray). (b) and (c) Schematics showing the top (b) and
side views (c) of the cavity along with structural parameters;
W : width, D: diameter, h: height of the top Ag microring,
and tInGaAsP: thickness of InGaAsP slab.

simulation to investigate various plasmonic WGMs ex-
cited in the cavity; the results of this simulation are
shown in Fig. 2. In our simulation, we employed In-
GaAsP as a high-index semiconductor with an active
gain medium wherein the central emission wavelength
is near 1.55 μm while using Ag is used as the plasmonic
metal. The refractive index of the InGaAsP microring
was set to 3.4, and the Ag was described based on the
Drude model, which fits the experimentally determined
dielectric function. To excite various WGMs, Ez dipole
sources with appropriate phases were introduced at the
positions where the field intensity maximum was located
within the InGaAsP microring cavities. The spatial res-
olution and domain size in the simulation were 5 nm and
6.0 × 6.0 × 0.4 μm3, respectively. Furthermore, at the
boundaries of the simulation domain, we applied per-
fectly matched layers. In our cavity design, the width
and height of the top Ag microring were 200 and 100 nm,
respectively. The thin InGaAsP slab with a subwave-
length thickness of 90 nm was introduced to only allow
plasmonic WGMs. As can be seen in Fig. 2(a), we grad-
ually increased the diameter of the microring cavity from
1 to 3 μm and systematically excited a variety of TM-like
plasmonic WGMs where the resonant wavelength range
is 1.2 - 1.8 μm. As expected, we observed that the num-
ber of plasmonic modes excited in the cavity increased
as the diameter of the microring cavity increased. Then,
these plasmonic modes were categorized into three differ-
ent groups based on the symmetry of field distribution.
In Fig. 2(a), the circles, triangles, and squares with the
same color as well as the dotted guidelines represent the
same symmetry groups. Considering the emission band-
width of the InGaAsP semiconductor, we focus on the
excited plasmonic WGMs in the wavelength range of 1.5 -
1.6 μm, which includes the telecommunication C-band
(denoted as light green box in Fig. 2(a)). To compare
the symmetry of modes, we select three different electric
field distributions, as shown in Figs. 2(b) - (d), obtained
from the plasmonic microring cavities with diameters of

Fig. 2. (Color online) (a) Resonant wavelengths of the ex-
cited plasmonic WGMs as a function of microring diameter
ranging from 1 to 3 μm. The red circles, blue triangles, and
green squares with dotted guidelines of the same color rep-
resent the same symmetry groups. (b) - (d) Representative
top and side views of the electric field (Ez) profiles of the
plasmonic WGMs with different symmetries. The field pro-
files are obtained from the microring cavities with diameters
of 2.3 μm (wavelength: 1583 nm, red-dotted circle), 2.4 μm
(wavelength: 1560 nm, blue-dotted circle), and 2.6 μm (wave-
length: 1524 nm, green-dotted circle). The modal indices
(n,m) are (1, 15), (1, 16), and (1, 18) for diameters of 2.3 μm,
2.4 μm and 2.6 μm, respectively, where n and m are radial
and azimuthal mode numbers. The scale bar is 1.0 μm.

2.3 μm (red dot at 1583 nm in (a)), 2.4 μm (blue tri-
angle at 1560 nm in (a)), and 2.6 μm (green square at
1524 nm in (a)), respectively. They clearly exhibited
different symmetry nature of the excited modes. For ex-
ample, the plasmonic WGM in Fig. 2(b) shows the field
intensity maximum and minimum in the microring at
x-axis and y-axis, respectively, revealing even and odd
symmetries along the respective axes. However, the field
distributions shown in Figs. 2(c) and (d) exhibited even
symmetry for both x- and y-axes. In addition, the mode
in Fig. 2(c) shows the same phase in the field at both
x- and y-axes, whereas the mode in Fig. 2(d) shows an
opposite phase in field. Furthermore, we observed that
the electric fields were tightly confined inside the sub-
wavelength InGaAsP slab sandwiched between the top
and bottom metal layers, which successfully satisfies our
design goal for fully 3D subwavelength confinement.

To quantitatively investigate the optical properties of
plasmonic WGMs, we calculated resonant wavelengths
and quality factors for the WGMs excited in a variety
of different microring cavities. In Figs. 3(a) and (b), we
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Fig. 3. (Color online) Optical properties of the plasmonic
WGMs. (a) and (b) Resonant wavelengths (a) and quality
factors (b) with varying microring width for fixed diameters
of 1.4 μm (black), 2.0 μm (red), and 2.6 μm (blue). The
modal indices are (1, 9), (1, 13) and (1, 17) for diameters of
1.4 μm, 2.0 μm, and 2.6 μm, respectively. These modes are
indicated with black arrows in Fig. 2(a). The height of the
top Ag microring was set to 100 nm. The insets in (b) are Ez-
field profiles for microring widths of 100 nm (left) and 400 nm
(right), respectively. (c) and (d) Resonant wavelengths (c)
and quality factors (d) with varying height of the top Ag
microring for fixed diameters of 1.4 μm (black), 2.0 μm (red),
and 2.6 μm (blue). The width of top Ag microring was set to
200 nm. The insets in (d) are side views of the Ez-field profiles
for microring heights of 20 nm (left) and 120 nm (right),
respectively. For all simulations, the thickness of InGaAsP
slab was fixed at 90 nm.

systematically changed the width of the microring cavity
for fixed diameters of 1.4, 2.0, and 2.6 μm. The height of
the top Ag microring and thickness of the InGaAsP slab
were set to 100 and 90 nm for all simulations, respec-
tively. We excited the plasmonic WGMs with field dis-
tributions and symmetries similar to the case in Fig. 2(b)
and calculated the resonant wavelengths and quality fac-
tors as the width of the cavity was varied. We observed
that the resonant wavelength of the excited plasmonic
WGMs was sensitive to the change in width when the
width was smaller than 200 nm for all diameters. For
example, the resonant wavelengths were red-shifted by
80 nm (microring diameter: 1.4 μm), 94 nm (micror-
ing diameter: 2.0 μm), and 102 nm (microring diameter:
2.6 μm) as the width was increased from 100 to 150 nm.
However, the resonant wavelengths changed less rapidly
as the width increased beyond 200 nm, and almost re-
mained constant for widths larger than 300 nm. Un-
like resonant wavelengths, the quality factors of the plas-

monic WGMs were less sensitive to the change in width,
which is shown in Fig. 3(b). As the width increased from
100 to 500 nm, the quality factor for a given diameter re-
mained almost unchanged. These results directly reveal
that the plasmonic WGMs can be successfully excited
in the subwavelength-scale dimension and can spatially
accommodate themselves based on the variations of the
cavity structure without noticeable degradation in the
quality factor (insets: WGMs of left (W = 100 nm) and
right (W = 400 nm), Fig. 2(b)). In addition, we inves-
tigated resonance behavior of plasmonic WGMs while
changing height of the top Ag microring; these trends
are shown in Figs. 3(c) and (d). In our study, we fixed
the width of both the top Ag and InGaAsP microrings
to 200 nm; further, the 90-nm-thick InGaAsP slab was
unchanged. The results in Fig. 3(c) shows that the res-
onant wavelengths were significantly blue-shifted with a
small increase in height when the height was less than
60 nm. For example, when the height was changed from
20 nm to 40 nm, the observed wavelength shifts were
40 nm (microring diameter: 1.4 μm), 42 nm (micror-
ing diameter: 2.0 μm), and 43 nm (microring diameter:
2.6 μm). However, for heights greater than 80 nm, a ma-
jor shift in resonant wavelength was not observed. These
observations can be attributed to the ultrathin top metal
microring structure that allows plasmonic WGMs to ex-
perience not only the bottom, but also the side and top
surfaces of the metal structure. Consequently, it leads to
the increase in the effective modal area and subsequently
the resonant wavelength. The calculated quality factors
in Fig. 3(d) support this explanation. There is a sig-
nificant decrease in the quality factor of the plasmonic
WGMs excited in the cavity structures with small heights
(h < 60 nm), which can be attributed to the abovemen-
tioned increase in effective area of the plasmonic mode
and corresponding metallic loss. The spatial distribu-
tions of the electric fields of plasmonic WGMs for small
(20 nm) and large (120 nm) heights (top and bottom
insets, Fig. 3) further confirmed our analysis. For suf-
ficiently large heights (> 80 nm), the quality factors of
plasmonic WGMs remained unchanged for all diameters.
We note that similar spectral behaviors and variations of
quality factor were observed in other plasmonic WGMs
with different symmetries.

Furthermore, we investigated the controllable optical
properties of the excited plasmonic WGMs for various
key applications. In particular, we focused on direc-
tional far-field emission from our plasmonic microring
cavity. Since the excitation of SPPs occurs at the in-
terface between the metal and dielectric material, it is
not straightforward to control the directionality of far-
field emission of the plasmonic modes. In addition, the
transversely traveling nature of WGMs within the mi-
crodisk or microring cavities makes it difficult to observe
a strong far-field emission pattern in the vertical direc-
tion [3,6,9]. For example, we calculated the z-component
of the time-averaged Poynting vectors from a single MIM
microring cavity structure in Fig. 4(a). Here, the di-
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Fig. 4. (Color online) Vertical emissions of radiations from
various plasmonic cavities. Simulation structures of a verti-
cal MIM single-microring cavity (a), double-microring cav-
ity (c), and microring-nanodot cavity (e). (a) Diameter of
single-microring was 2.6 μm and the width and height of the
top Ag microring were set to 200 nm and 100 nm, respec-
tively. The resonant mode used in (a) has a modal index
of (1, 17). The scale bar in (a) is 1.0 μm. (c) Diameter
of the additional Ag microring (black ring) was 3.4 μm and
the width and height were set to 200 nm and 190 nm, re-
spectively. (e) Eighteen nanodots (black circles) were intro-
duced to the single-microring cavity. The diameter of a single
nanodot was 200 nm, while the gap between the nanodots
and inner microring was 100 nm. Calculated z-component of
the time-averaged Poynting vectors obtained from the single-
microring (b), double-microring (d), and microring-nanodot
cavities (f), respectively. For visual comparison, the intensity
of the Poynting vectors in (b) and (d) were increased 1000-
fold. An identical color bar was used to describe the Poynting
vectors in (b), (d), and (f).

ameter of the microring was 2.6 μm, while the width
and height of the top metal microring were 200 nm and
100 nm, respectively. The thickness of the InGaAsP slab
was 90 nm, and the Poynting vectors were recorded at a
position 1 μm above the top metal layer. As shown in
Fig. 4(b), a considerably weak and delocalized vertical
emission of the electromagnetic fields was observed from
the plasmonic WGM, which restricts the application of
our plasmonic cavity to in-plane device platforms. To
address this limitation and improve the vertical extrac-
tion of radiations, we introduced two types of light ex-
traction structures and examined their feasibility. First,
an additional concentric Ag microring with a diameter
of 3.4 μm was introduced to the single plasmonic cav-
ity, which formed a double-microring cavity as shown
in Fig. 4(c). In this case, the additionally introduced
Ag microring was not physically in contact with the In-
GaAsP active medium; therefore, significant metallic loss
and serious field deformations were not expected. Fur-
thermore, the width and height were the same as those
of the single plasmonic cavity shown in Fig. 4(a). The

calculated z-component of the time-averaged Poynting
vectors in Fig. 4(d), however, showed only a slight dif-
ference in the spatial emission pattern compared with
that of the single cavity. The vertical emission of elec-
tromagnetic radiations was still negligible. Next, we em-
ployed the concept of optical gratings and introduced
multiple nanoscale Ag disks, termed nanodots, around
the single plasmonic cavity and these adjacent nanodots
were equally spaced in a circular fashion; this is shown in
Fig. 4(e). It is well-known that the linear metallic and di-
electric grating structures enable an efficient in-coupling
(out-coupling) between in-plane optical devices and ver-
tically in-coming (out-going) radiations [18,19]. In ad-
dition, controlling the grating parameters (i.e., pitch,
depth, and width) determines how efficiently one can
achieve the radiation coupling. To capitalize on this con-
cept, in our study, we designed the circular metallic grat-
ings consisting of multiple nanodots, which enabled the
circularly traveling surface plasmons in the cavity to ef-
fectively experience an infinite grating [19]. In addition,
we also introduced a small space (the gap: g) between
the inner microring and nanodots to prevent unwanted
metallic loss and major perturbation or distortion of the
plasmonic WGMs. There were various configuration pa-
rameters such as the number of nanodots, gap between
microring and nanodots, as well as diameter and height
of a single nanodot. In Fig. 4(e), we initially designed
eighteen single nanodots with a diameter and height of
200 nm and 190 nm, respectively. The gap size was set
to 100 nm. This nanodot grating structure led to an
unexpected successful result; in particular, as shown in
Fig. 4(f), we can clearly observe that not only was there
considerable enhancement in the vertical emission, but
also a strongly concentrated far-field radiation pattern
at the center. For direct, visual comparison, we used
an identical intensity color bar and normalized the time-
averaged Poynting vectors in Fig. 4; the Poynting vectors
from single- and double-microring cavities were increased
1000-fold in intensity to make them visually discernible.
The observed directional and enhanced vertical emission
can be understood as a consequence of the interaction be-
tween the plasmonic WGM and array of the periodically
spaced nanodots. Without nanodot gratings, the elec-
tric fields of the plasmonic WGMs in single- and double-
microring cavities were tightly confined inside the In-
GaAsP slab and no fields outside the slab propagated
towards the center or out of the microring. However, the
introduction of individual nanodots perturbed the fields
of plasmonic WGM and provided additional wavevectors
that could escape from the InGaAsP slab and propagate
towards the center of the microring. The far-field radi-
ation of these wavevectors constructively interfere and
lead to an enhanced and strongly localized vertical emis-
sion. In addition, we note that the spatial distribution of
far-field emission can be controlled by changing the con-
figuration parameters and manipulating the near-field in-
teraction.

In order to quantitatively investigate vertical emission
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Fig. 5. (Color online) (a) Schematic showing structural
parameters of microring-nanodot cavities; d: diameter of a
single nanodot, g: gap size between nanodots and microring.
(b) Vertical emission enhancements versus gap size and dime-
ter of a single nanodot. The enhancements were calculated
by integrating the vertical component of the Poynting vectors
from the microring-nanodot cavities and normalizing them
with that of a single-microring cavity. Single nanodots with
diameters of 100 nm (pink), 150 nm (navy), 200 nm (cyan),
250 nm (yellow), and 300 nm (red) were simulated. (c) - (d)
Mode volumes (c) and quality factors (d) of the plasmonic
WGMs excited in the microring-nanodot cavities. Insets of
(c) and (d) show the calculated resonant wavelengths and
Purcell enhancement factors.

of radiations from plasmonic WGMs, we simulated var-
ious microring-nanodot cavities. For a fixed microring
cavity, we systematically varied the gap between the mi-
croring and nanodots from 100 nm to 300 nm for five
different diameters of 100, 150, 200, 250, and 300 nm,
respectively (Fig. 5(a)). Here, the microring of Fig. 4(a)
was used for all simulations. Furthermore, as shown in
Fig. 5(b), we calculated vertically emitting electromag-
netic radiation powers by integrating the time-averaged
Poynting vectors passing through the detection plane of
10× 10 μm2 positioned 1 μm above the cavities. Then,
we normalized the powers using that of the single MIM
microring cavity to obtain vertical emission enhancement
and plotted them as a function of the gap and diam-
eter. Notably, we observed that the maximum verti-
cal emission enhancement was ∼ 800 for a gap size of
100 nm and nanodot diameter of 300 nm. In addition,
we observed the vertical radiation power decreased as
the gap size increased; in particular, the enhancement
significantly decreased from 535 to 162 when the gap
size was increased from 100 to 150 nm. As the size of
nanodots increased with a fixed gap size, the enhance-

ment increased as well. These results unambiguously
support our previous analyses shown in Fig. 4. The
vertical directional radiations originate from the near-
field interaction of circularly traveling plasmonic WGMs
with effectively infinite, circular gratings. Furthermore,
we investigated the changes in the fundamental optical
properties of the excited mode as the gap and diame-
ter was varied. Figures 5(c) and (d) show the calcu-
lated mode volumes and quality factors of the plasmonic
WGMs supported in various microring-nanodot cavities.
As expected, the introduced nanodots resulted in a slight
increase in mode volume for small gap sizes due to the
considerable near-field interaction and corresponding de-
localization of fields. Subsequently, the resonant wave-
lengths shifted as well. However, the variations for all
cavity structures considered in our study were not sig-
nificant compared with the mode volume of the single
MIM microring cavity. In addition, the calculated qual-
ity factors also showed a minor change for small gap sizes,
which was less by an order compared with that of the
single cavity. Finally, we calculated the Purcell enhance-
ment factors and compared them with that for the single
MIM microring cavity (Purcell factor: ∼ 280) to evaluate
the effect of nanodots on the quality of the cavity (inset,
Fig. 5(d)); the plot shows an overall decrease in Purcell
factors, which was inevitable because of the increased
modal volumes and decreased quality factors. However,
the Purcell factors still remained over 200 for even the
smallest gap size of 100 nm considered in our study, ex-
hibiting high quality as a microcavity. In summary, the
results in Fig. 5 reveal that controlled introduction of
nanodots can significantly enhance the vertical emission
power, while preserving the fundamental optical qualities
of the cavity.

III. CONCLUSION

In conclusion, we designed a vertical MIM plasmonic
cavity consisting of an Ag top and 90-nm-thick bot-
tom of InGaAsP microrings on an Ag substrate. A full
3D FDTD simulation was performed to simulate various
cavity structures with different diameters, widths, and
heights of the top and bottom microrings. We systemat-
ically categorized the excited TM-like plasmonic WGMs
based on the symmetry of fields and intensity distribu-
tions; in addition, we investigated the fundamental opti-
cal properties of the different modes. Furthermore, res-
onant behaviors because of structural variations of the
cavity were analyzed. In addition, we designed multiple
nanodots along the circumference of the single MIM mi-
croring cavity and demonstrated a significant enhance-
ment of far-field radiations as well as a strongly direc-
tional emission pattern without major degradation of
optical properties of modes as a consequence of the nan-
odots. We believe that this plasmonic cavity can be use-
ful in ultracompact integrated photonic circuits as well as
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in out-of-plane device platforms, such as terahertz light
sources and biochemical sensors and detectors.
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