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Abstract Metal-capped microdisk cavity supporting sur-
face plasmon polaritons (SPP)-guided whispering gallery
mode (WGM) can achieve higher cavity factor O than
traditional microdisk cavity in sub-wavelength dimensions.
We have numerically analyzed the limiting factors on Q
using finite difference time domain method. The Q of SPP-
guided WGM is primarily limited by the loss of metal. A
thin metal-sandwiched microdisk cavity supporting long-
range surface plasmon polariton mode was proposed to
reduce the metal loss. The proposed cavities have been
shown to increase cavity O by more than 15-fold and
reduce threshold gain by more than threefold as opposed to
traditional microdisk cavities.

Keywords Nanolaser- Surface plasmon mode -
Whispering gallery mode - Semiconductor laser cavity

Introduction

Sub-wavelength optical cavities are potentially useful as
building blocks for integrated photonic circuits. For this
purpose, it is highly desirable to scale the optical cavities to
sub-wavelength in all three dimensions. Microdisk cavities
have been proposed and investigated as sub-wavelength
semiconductor lasers [1]. However, the lateral dimension of
the traditional microdisk cavities is still limited to the scale
of free-space wavelength (\) because large radiation loss in
whispering gallery mode (WGM) limits the attainable QO
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when the disk diameter (D) is smaller than A [2, 3].
Because metal can provide strong confinement of light
which reduce radiation loss, studies of metallic cavities
have been rapidly growing in recent years in order to design
deep sub-wavelength optical cavities. However, the loss
introduced by metal limits the O below 300 for sub-
wavelength metallic cavities [4—6]. The limit on cavity Q
factor prevents such cavities to lase at room temperature.
Efforts have been put to increase Q by incorporating low
index materials [7, 8]. High O semiconductor based sub-
wavelength cavities are important for building electrically
pumped lasers. In this letter, we show that the O of metal-
capped semiconductor microdisk is primarily limited by
metal loss; and introducing a novel structure of thin metal
sandwiched between semiconductor disks would drastically
reduce the metal loss and increase Q.

In traditional microdisk cavities the transverse confine-
ment of the resonance modes is provided by the typical
dielectric confinement of the air-cladded waveguide. To
ensure that only the lowest order mode of the waveguide
exists, the waveguide thickness need to be smaller than \y/2
ng where ng is the refractive index of semiconductor disk
[9]. The effective refractive index (n.s) of the lowest order
waveguide mode is usually more than 1.5 times smaller
than ng. The reduction in n.g introduces large radiation loss
in WGM and cavity Q is reduced drastically especially for
sub-wavelength diameter, D [10]. The metal-capped micro-
disk structure has been proposed to increase n.g and
therefore O [11]. For the surface plasmon polaritons
(SPP)-guided WGM supported in the metal-capped micro-
disk cavity, waves are confined in the transverse dimension
by the SPP mode at the metal-dielectric interface. The g
of the SPP mode is always larger than ng and is thus much
larger than the n.g of air-cladded waveguide in traditional
microdisks [12]. Therefore, the Q of WGM can be
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increased for sub-wavelength size cavities due to the
improved optical confinement which minimizes the radia-
tion loss. However, the additional metal loss experienced
by SPP mode also puts a limit on the overall Q of SPP-
guided WGM. In the newly proposed structure illustrated in
Fig. 1b, the transverse confinement is provided by long-
range surface plasmon polariton (LRSPP) confined in a thin
metal film sandwiched between two layers of dielectrics
with the same index. This LRSPP mode experiences a
much lower metal loss and can elevate the limit on the O of
metallic microdisk cavity. To study the behaviors of the
SPP as well as LRSPP-guided WGM, we used finite
difference time domain (FDTD) method to simulate the
resonance behaviors and specifically the O of proposed
metallic microdisk structures.

Results and Discussion
Simulation Conditions

The FDTD simulation presented here is performed by using
a commercial FULLWAVE package from the RSoft Design
Group. The metal is chosen to be Ag for minimizing the
metal loss. The refractive index of metal e, is assigned
as 0.13+10.1i for silver at A=1,400 nm [13]. The refractive
of semiconductor 7., is assigned as 3.4 for GaAs. In
FDTD simulation, in order to resolve the smallest fields and
structures the grid size needs to be 10 times smaller than
both the effective wavelength (A\g/nes) and the size of the
smallest structures. In the lateral dimension, using a grid
size of 30 nm fulfills the above two requirements for
wavelength assumed as 1,400 nm and D larger than
300 nm. In the transverse dimension, the grid size is
chosen to be 2 nm in metal and 18 nm in semiconductor
considering that the penetration depth of SPP mode is
21 nm into Ag and 184 nm into GaAs at A=1,400 nm. The
source for exciting SPP mode is in TM polarization which

Fig. 1 a Metal-capped a D

microdisk cavity supporting

has the transverse magnetic field component perpendicular
to the metal-semiconductor interface.

Metal-Capped Microdisk Cavity

Waves propagating in the metal-capped microdisk cavity
depicted in Fig. la are simulated by FDTD. The thickness
of metal layer Tjeta 18 assumed as 200 nm which is thick
enough to prevent SPP mode at metal-semiconductor
interface from being coupled to the metal-air interface. We
first consider a passive cavity by assuming the thickness of
gain region Tg,n, as 0. We also ignore the radiation into
substrate by assuming 7Tpoiom as infinite. Cavities with
nonzero Tgin and finite Tyoqom Will be studied in later
sections. The mode profile in Fig. 2a reveals that the lateral
confinement in x—y plane is provided by WGM just like in
traditional microdisk cavities. On the other hand, the
transverse mode profile in Fig. 2b reveals that the transverse
confinement in the z dimension is provided by SPP mode
with amplitude that peaks at metal-semiconductor interface
and decays exponentially into both metal and semiconductor
layers. In Fig. 3a, the simulated O at \o=1,400 nm
corresponding to the metal-capped microdisk cavity in
Fig. la is compared with traditional microdisk cavity with
air cladding. The thickness of traditional microdisk is
assumed to be 200 nm which is just below A\y/2 ng for
ensuring single waveguide mode. The O of SPP-guided
WGM, QOspprwam, 1 limited by two factors expressed in
Eq. 1. One is SPP limited O, QOspp Which accounts for the
metal loss experienced by the propagating SPP mode due to
penetration into the metal layer. The other is WGM limited
0, Owam, which accounts for the radiation loss experienced
by WGM in the lateral direction.

1/Ospp+wam = 1/Ospp + 1/Owam (1)

For D/ below 0.7, the radiation loss is larger than the
metal loss. Qgpprwgwm 18 primarily limited by Qwgwm. For
D/ above 0.7, the metal loss is larger than the radiation

SPP-guided WGM and b metal-
sandwiched microdisk cavity
supporting LRSPP-guided
WGM. Tierar and T denotes
the thickness of Ag and Gain
region. D disk diameter. T}, and
Thottom 10 (b) denotes the thick-
ness of GaAs disk above and
beneath Ag layer, respectively
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loss. The upper bound of Ogpp+wam 1S Ospp independent of
disk size. Qgpp is 306 for Ag and GaAs system at A=
1,400 nm. On the other hand, the Q of air-cladded
waveguide-guided WGM is limited by radiation loss only.
The effective index of air-cladded waveguide (n.4=2.74) is
smaller than that of SPP mode (n.;=3.61) and introduces a
large radiation loss of WGM. The metal-capped microdisk
scales more favorably than the air-cladded microdisk for
smaller size microcavities by providing higher Os: as D/
below 0.86, the overall O of air-cladded waveguide-guided
WGM drops below Qgpp of the metal-capped microdiskas
shown in Fig. 3a. By using SPP transverse confinement, the
radiation loss limited Q of traditional microdisk that
exponentially depends on the diameter of microcavity is
giving away to the metal-limited loss in SPP.

a 5 [—=— Air-Cladded Waveguide

s SPP .
LRSPP with T, of /

10*4 v 100nm /
o —<—50nm
20nm /.
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Fig. 3 a Q of air-cladded waveguide-, SPP-, and LRSPP-guided
WGM with various Tine versus disk diameter. T, and Tyouom are
assumed as infinite. The mode with smallest D/ on each curve has a
mode number m=3. Mode difference between adjacent modes on each

Y fom) ¥ ()

Metal-Sandwiched Microdisk Cavity

For metal-capped microdisk cavity, the Q is primarily
limited by the metal loss which depends on the overlapping
of electric field of the cavity modes with metal. The metal
loss can be reduced by introducing LRSPP mode supported
in a thin metal film sandwiched between identical semi-
conductor layers. The magnitude of metal loss is deter-
mined by the fraction of field inside the metal. LRSPP is
the coupled mode of surface waves at two metal-semicon-
ductor interfaces. When metal film is thick, surface waves
propagating at two metal-semiconductor interfaces are not
coupled and they propagate as two independent SPP
modes. When metal film becomes thin, the two surface
waves interact with each other and form a coupled surface

10°
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curve is 1. For Tpe=200 nm, the Q of LRSPP-guided is identical to
SPP-guided WGM because there is no coupling between modes at two
Ag-GaAs interfaces. b Q [ rspp versus Tietal
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Fig. 4 a Threshold gain required for air cladding waveguide-, SPP-,
and LRSPP-guided WGM with various 7T versus disk diameter.
Tiop and Tpogom are assumed as infinite. The mode with smallest D/
on each curve has an azimuthal mode number m=3. Mode number

plasmon mode. Such coupled surface plasmon mode has
field penetrates more into bounding semiconductors. The
penetration depth into GaAs is plotted against Ag thickness
in Fig. 3b This results in the decrease of the fraction of field
inside the metal and therefore the decrease of metal loss of
such coupled mode [14], leading to longer propagation
length and hence the name long-range SPP. The proposed
metal-sandwiched microdisk structure depicted in Fig. 1b
supports LRSPP in the transverse dimension by introducing
a thin metal disk sandwiched between semiconductor disks.
Again, we consider a passive cavity by assuming Ty, as 0
and ignore the radiation into substrate at bottom and air on
top by assuming both Ti,, and Tyeom as infinite. Cavities
with nonzero Ty, finite Ti,,, and finite Tyoom Will be
studied in later sections. The lateral mode pattern of metal-
capped microdisk cavity has a WGM profile as in Fig. 2a.
The transverse mode profiles in Fig. 2c, d reveal that the
LRSPP modes are coupled modes propagating at both
metal-semiconductor interfaces. Thicker metal has weaker
coupling of two modes and less field penetration into
semiconductor as show in Fig. 2c. This leads to only a
small amount of decrease of metal loss. Thinner metal has
stronger coupling of two modes and more field penetration
into semiconductor as show in Fig. 2d. This leads to a

metal

difference between adjacent modes on each curve is 1. b Threshold
gain required for lossless propagation of LRSPP versus Tieal. Tgain 1S
assumed as 100 nm

larger amount of decrease of metal loss. In Fig. 3a the
simulated Q at A=1,400 nm corresponding to the metal-
sandwiched microdisk cavity is shown for different 7iea-
The cavity Q of LRSPP-guided WGM for T},c=200 nm
coincides with SPP-guided WGM because the surface wave
at each interface propagates as uncoupled SPP mode for
thick metal. Similar to SPP-guided WGM, the Q of LRSPP-
guided WGM, Ojrspprwam, 18 limited by two factors
expressed in Eq. 2.

1/O1rsprrwom = 1/Orrspe + 1/Owam

(2)

For D/\ below 0.7, O rspp+wam 18 also primarily limited
by Owcm as in the case for Ospprwom. OLrspp+wem 18
slightly smaller than Qgpp+wgm because of the smaller n of
LRSPP mode relative to SPP mode. For D/ larger above
0.7, Orrspp+wgMm 1S no longer capped by QOspp at about
310 as in the case of Osppiwaom- OLrspp keeps increasing
as D/\ increases. The upper limit of O; rspp+wagm 18 set by
Orrspp Which is larger with smaller T Figure 3b
shows the QO;rspp With varying T, This put a upper
limit for O rspp+wam With fixed Tierar. FOr Tiera =20 nm,
Orrspp+wgm can reach about 4800. The range where
cavity O of metallic microdisk cavity is larger than
traditional microdisk is expended for any microdisks with
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D/X below ~1.15. The achievable QO;grspp+wgm can be
further increased by using smaller 7j,ciq. AS a comparison,
cavity Q is about 270, 310, and 4,400 for tradional
microdisk, metal-capped microdisk, and metal-sandwiched
microdisk with Tp,.;;=20 nm when D/ is about 0.85.

Threshold Gain to Compensate Cavity Loss

When utilizing the cavity in laser, the threshold gain
determines the lasing properties. The threshold gain
required to compensate the cavity loss is not only related
to the cavity Q but also the confinement factor of the mode
in the gain region. For SPP and LRSPP modes, field peaks
at metal-semiconductor interfaces. Placing the gain layer
right next to the interface as shown in Fig. la and b can
provide the largest confinement factor. For single mode
waveguide, field peaks at the center of waveguide. Placing
the gain layer at the center of air-cladded waveguide can
provide the largest confinement factor. For LRSPP-guided
WGM, while Q increases with smaller T, the confinement
factor decreases due to the larger penetration depth. The
overall affect of varying 7Tpe on threshold gain can be
studied by simulation. Figure 4a shows the threshold gain
for traditional microdisk with air cladding, metal capped
microdisk, and metal-sandwiched microdisk of various
Tmetat- The metal-capped microdisk has a lower threshold
gain than traditional microdisk with air cladding for D/ up
to 0.85 because of the larger Q. However, for D/\ between
about 1 and 1.15, although the metal-sandwiched microdisk
with Thear 0f 20 nm has a higher O, the weaker
confinement of LRSPP mode makes the threshold gain of
metal-sandwiched microdisk larger. The metal-sandwiched
microdisk has a lower threshold gain than traditional
microdisk with air cladding for D/ up to 1 instead of 1.15.
Figure 4b shows the required gain to compensate the
propagation loss of LRSPP mode with varying Tpewi. This
required gain represents the lowest threshold gain of metal-
sandwiched microdisk with fixed Tieta. FOr Tneta larger
than 50 nm, the lowest threshold gain is larger than that for
metal-capped microdisk at about 670 cm™'. This is because
the field existing in the top semiconductor layer reduces the
confinement factor in the gain region. For Tjep smaller
than 50 nm, the lowest threshold for metal-sandwiched
microdisk is smaller than metal-capped microdisk and can
be reduced to about 170 cm ! for Tmetat of 20 nm. To
illustrate the effectiveness of this approach, the threshold
gain can be further reduced to 60 and 25 cm ™' for Tipeqa Of
10 and 5 nm. As a comparison, threshold gain is about 730
and 670 cm ™' for traditional microdisk and metal-capped
microdisk when D/\ is about 0.85. This reduction in
threshold gain is crucial considering that the maximum
modal gain achieved in ODs and QWs on GaAs substrate is
about 50 cm ' at wavelength above 1.3 um [15, 16].

Size Limit in the Transverse Dimension

The above calculations are based on infinitely thick
semiconductor disks. However, in order to achieve sub-
wavength cavity in all three dimensions, we need to
consider finite semiconductor layers Ty, and Tpoom Which
can affect the transverse mode and the cavity Q factor. In
Fig. 5a, cavity Q of LRSPP-guided WGM is plotted against
finite Ti,, while assuming infinite Tpowom Wwith different
Tinetar for azimuthal mode number of eight which has D/A
just below 1. Since the reduction of metal relies on the
symmetry of the refractive indices of semiconductors on
two sides of the metal, T\, need to be thick enough to
provide the symmetry for LRSPP mode to exist. Threshold
gain starts to approach the value for perfectly symmetric
structure as shown in Fig. 4b when top semiconductor layer
is thick enough for supporting LRSPP. Threshold gain
approaches the value for SPP guide WGM when Tr,
approaches zero if metal is thick.

In Fig. 5b, cavity Q of LRSPP-guided WGM is plotted
against finite Tyoom While assuming infinite Ty, with
different Tyt for mode number of 8. Tyouom needed to
achieve minimum threshold gain is related to the penetra-
tion depth since cavity with smaller Ty om causes larger
radiation into GaAs substrate and increases the threshold
gain. For T, of 20 nm, threshold gain smaller than
200 cm™' can still be achieved for diameter of 1,400 nm by
choosing T, of 400 nm and Tyom of 900 nm for cavity
size being sub-wavelength in all three dimensions.

Summary

We have analyzed the scaling property of novel metallic
microdisk cavities. Simulation results tell us that metal-
capped microdisk can provide larger cavity Q factor and
lower threshold gain than the traditional microdisk cavity
with air cladding when the disk diameter scales below
wavelength. Metal-sandwiched microdisk provides even
larger cavity Q and lower threshold gain by incorporating
long-range surface plasmon mode. Cavity O over 4,000 and
threshold gain below 200 cm™' can be achieved for cavity
size being sub-wavelength in all three dimensions with this
type of novel microcavities.
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