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Abstract: We propose and numerically investigate a novel asymmetric capsule-shaped
metallic cavity (ACMC) structure for unidirectional waveguide coupling. By introducing
cylindrical facets at cavity ends with different radius, asymmetric resonant mode is confined
inside the cavity so that the evanescent energy can be unevenly coupled into the two
directions of the waveguide underneath the cavity. We conduct three-dimensional finite-
difference time-domain simulations and demonstrate the effectiveness of the proposed
ACMC-based unidirectional waveguide coupling. Besides, by modifying suitable geometry
of the proposed structure, the extinction ratio and coupling efficiencies of both directions of
the waveguide can be flexibly designed, resulting in unequal coupling of optical energy. In
addition, the dependence of the waveguide-coupling properties on ACMC geometry is also
numerically investigated in this paper.

Index Terms: Semiconductor lasers, Waveguides, Plasmonics.

1. Introduction
In last decade, a variety of metallic semiconductor cavity lasers has been proposed and studied
for their promising applications, such us photonic integrated circuits (PICs), on-chip optical inter-
connection, optical communication, and so on [1]–[5]. Compared with the traditional waveguide-
coupling scheme of semiconductor lasers, the optical energy inside the metallic cavity laser is
generally coupled out through the waveguide underneath the bottom of the resonant cavity, where is
free of metallic cladding [6]–[9]. Generally, increasing the coupling energy of the laser waveguide is
of importance from practice point of view, but it contributes to higher radiation loss and thus lowers
down quality (Q) factor of the metallic semiconductor cavity [6], [7]. To overcome this difficulty,
various studies are conducted.

One method to solve this dilemma is focused on optimization of the cavity design and fabrication,
in order to reduce cavity loss and enhance the laser performance. For example, improving the
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fabrication technique [10], [11] and engineering the thermal effect of the metallic nanocavity
[12]–[13] are two important issues for improving metallic semiconductor lasers, which have been
demonstrated experimentally. Besides, optimizing the geometry of the cavity structure for a low-loss
resonant mode can also increase the Q value effectively. For example, capsule-shaped cavity
(CSC) structure [14]–[16] and Gaussian-shaped cavity (GSC) structure [17], which take advantage
of Gaussian-like mode by introducing cylindrical facets to conventional metallic cavity, are proposed
to confine the resonant mode tightly in the center of cavity with reduced metallic losses.

Another solution to the dilemma is focused on optimization of the waveguide structure and
coupling scheme. Among the current metallic semiconductor cavity lasers, there are two main
types of cavity structures including cylindrical cavity based on whispering-gallery mode [18]–[20]
and rectangular cross-section cavity based on Fabry-Perot mode [21]–[22]. At present, the scheme
of waveguide coupling from above types of metallic semiconductor lasers is mainly to embed
the waveguide structure in the substrate layer [6]–[9], which couples the evanescent field of the
resonance mode from the cavity into the waveguide. And by optimizing the geometric structure
and spatial position of the waveguide, the coupling efficiency can be increased effectively. In
general cases, due to the symmetry of the cavity and waveguide, the energy coupled from the
cavity transmits to both directions of the waveguide evenly [6]. Therefore, unidirectional waveguide-
coupling output is limited. To achieve unidirectional output, one reported method is to construct the
waveguide only at one end of the cavity [7], [8]. However, this asymmetric waveguide structure
limits the potential applications of the lasers, such as signal conversion and modulation.

In this paper, we propose a novel scheme of unidirectional waveguide coupling by designing
asymmetric capsule-shaped metallic cavity (ACMC) with symmetric coupling waveguide structure.
By optimizing the reflection facets of the cavity with different radius of curvature, the asymmetry
Gaussian-like mode is resonant inside the cavity. As a result, the optical energy of the resonant
mode can be coupled from the cavity into symmetry waveguide unidirectionally. We numerically
demonstrate that the extinction ratio of the coupling efficiencies of two waveguide directions can
reach as high as 17.3 at 1.55 μm wavelength range, indicating a unidirectional waveguide coupling.
Moreover, the ratio of coupling efficiency on two sides of the waveguide can be modulated flexibly
by designing suitable curvature of the facets. The proposed ACMC laser and its waveguide coupling
scheme can be widely used in applications such as PICs, on-chip optical interconnects and so on.

2. Schematic and Design
The schematic of the proposed ACMC structure for unidirectional waveguide coupling is shown
in Fig. 1. The two reflection facets of the ACMC are designed with different radius of curvature,
shown in Fig. 1(c). The epitaxial structure of the ACMC consists of a 300-nm-thick InGaAs active
layer sandwiched by the upper (500 nm thick) and the lower InP claddings, shown in Fig. 1(a).
A 100-nm-thick n-doped InGaAs is used as a contact layer on top. The sidewalls of the mesa
are covered by a 30-nm-thick SiO2 layer to prevent the short circuit. The entire cavity structure is
capped by 100-nm-thick silver, which also acts as the n-side contact from the top. The silver clad is
much thicker than the skin depth at the investigated wavelength around 1.55 μm in this work [23],
[24]. The substrate of the ACMC is embed with a waveguide structure, which consists of a core
layer of Si sandwiched by the upper and lower claddings of SiO2 respectively, shown in Fig. 1(b).

In this work, the waveguide coupling properties of the proposed structure are numerically studied
by three-dimensional (3D) finite-difference time-domain (FDTD) simulation using the Lumerical
FDTD solution-based commercial software package. The refractive indices of the materials InP,
InGaAs, n-InGaAs, Si and SiO2 are set to be 3.17, 3.53, 3.6, 3.42 and 1.45, respectively. and the
permittivity of silver is fitted by Drude-Lorentzian model to experimental values [24], [25]. Perfectly
matched layers (PML) are used on the boundaries of the computation area to absorb the reflective
waves. The mesh size of cavity area (area A) is set to 5 nm and other area (area B) are covered
by a non-uniform gradient mesh, shown in Fig. 1(d), where the mesh size is not larger than 12 nm,
guaranteeing good convergence and rapid calculation time in our simulations.
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Fig. 1. ACMC structure for unidirectional waveguide coupling. (a) 3D view; (b) side view; (c) top view;
(d) side view with simulation settings.

The waveguide coupling efficiency can be estimated as following [6], [7]:

η = PC

Ptot al
× 100% (1)

where Ptotal is the total energy radiated from the proposed structure, and PC is the energy output
at the both ends of the waveguide. PC can be expressed as PC = PL + PR, where PL and PR are
the energy output at the left and right end of the waveguide, respectively.

To characterize the properties of unidirectional waveguide coupling of the ACMC-based struc-
ture, we define the extinction ratio re as the ratio of coupling efficiency at both ends of the
waveguide, which can be expressed by following formula:

re = ηL

ηR
(2)

ηL = PL

Ptot al
× 100% (3)

ηR = PR

Ptot al
× 100% (4)

Where ηL and ηR are the coupling efficiencies of the left and right side of the waveguide
respectively. By calculating the waveguide coupling efficiency and the extinction ratio of different
cavity structure, we numerically demonstrate the energy from cavity is unidirectionally coupled into
symmetry waveguide, which will be discussed in detail in next section.

3. Results and Discussion
3.1 Symmetric CSC Waveguide Coupling

We conduct 3D FDTD simulations with excitation of an internal dipole source to investigate the
proposed unidirectional waveguide coupling scheme of ACMC structure. To begin with, we first
investigate the waveguide coupling properties of the conventional symmetric CSC structure for
comparison. Note that the symmetric CSC structure can be regarded as a special case of the
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Fig. 2. Cavity Q factor of the symmetric CSC and waveguide coupling efficiency η as functions of L/R
(a), the thickness d1 of lower cladding of the cavity (b), the thickness d2 of upper cladding of waveguide
(c), and the thickness d3 of Si waveguide core (d).

ACMC structure in Fig. 1, with the condition R1 = R2 = R. The CSC and ACMC structures are
Fabry-Perot cavities, indicating that the resonant wavelength is sensitive to the cavity length L. We
elaborately select the length L and width W of the cavity shown in the Fig. 1(c) to be 1620 nm
and 800 nm, respectively, which guarantees the resonant mode within 1.53–1.57 μm wavelength
range in all the simulations in this work. To study the dependence of the Q value and the waveguide
coupling efficiency η on the cavity geometry, we first investigate the radius of curvature R of the
cavity with fixed parameters d1 = 350 nm, d2 = 150 nm and d3 = 100 nm. Fig. 2(a) plots the Q
and η of the CSC structure as a function of R, where L/R represents the ratio of the cavity length
to the radius of curvature. From Fig. 2(a), we can see that the coupling efficiency increases with
the radius of curvature and takes maximum at L/R = 2.22, and then shows a diminishing trend in
general. However, when L/R ≤ 1.7 the η is reduced drastically due to the dominant vertical radiation
loss.

With the optimal radius of curvature (L/R1 = 2.22) and fixed parameters d2 = 150 nm and
d3 = 100 nm, the Q factor and waveguide coupling efficiency as a function of the thickness of
the lower InP cladding of the cavity are then numerically studied and plotted in Fig. 2(b). The η

firstly increases with d1 until taking maximum value of 76% at d1 = 400 nm, then it shows a slowly
decreasing trend. While the Q factor shows a similar trend to that of the η, but takes maximum
value at d1 = 370 nm, which means that the optimal cavity structure with lowest radiation loss does
not contribute to an optimal coupling efficiency.

Next, we sweep the thicknesses of upper cladding and core layers of the waveguide with fixed
L/R1 = 2.22 and d1 = 400 nm, respectively, to study the dependence of Q value and the η on
d2 and d3, which are calculated and plotted in Figs. 2(c) and (d). It should be mentioned that the
thickness of Si waveguide core is selected less than 150 nm to guarantee single mode coupling
[6], for example, d3 is fixed to be 100 nm in Fig. 2(c). From Fig. 2(c) we can see that the η is not
as sensitive to the variance of d2 as Q value, because the later one can be increased with lower
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Fig. 3. Normalized electric field intensity distributions |E|2 of symmetric CSC structure in xz plane (a)
and xy plane (b) crossing the center of the cavity (in logarithm scale), and in yz planes at the left end
(c) and right end (d) of the waveguide, respectively.

radiation loss when the d2 becomes thicker. While both the Q value and η depend on d3 more
heavily and take nearly opposite trend to each other. For example, at the point d3 = 100 nm in
Fig. 2(d) where d2 is fixed to 200 nm, the η reaches the peak value of 79.5% but the Q factor takes
minimum value of 243.3, indicating the most effective coupling of the waveguide structure and the
highest external radiation of the cavity. The electric field intensity distribution of the resonant mode
corresponding to the point A in Fig. 2(d) is depicted in Fig. 3. We can see that the energy coupled
from the cavity propagates to both ends of the waveguide evenly.

3.2 ACMC Waveguide Coupling

The symmetric waveguide coupling investigated above contributes to identical energy output
through both ends of the waveguide. To realize unidirectional waveguide coupling, we design
different radius of curvature at the two ends of the resonant cavity, in order to introduce symmetric-
breaking structure in length scale so that asymmetric coupling is achieved. For simplicity, we first
fix R1 value as L/R1 = 2.22, and then sweep R2 to study the asymmetric structure. Fig. 4 plots the
Q value, extinction ratio re and coupling efficiencies as functions of L/R2, where we can see that
the re decreases with L/R2. When L/R2 is 2.22, the cavity is symmetric and consequently the re is 1.
Thus, the electric field intensity distribution is identical and the energy output at both ends is equal.
While L/R2 = 0 corresponds to a rectangular facet at the right end of the cavity, and extinction ratio
of this structure takes maximum value of 13.5, indicating that the energy of left end is much larger
than that of right end of the waveguide. However, the leakage loss of the asymmetric structure with
L/R2 = 0 and L/R1 = 2.22 is so high that its total coupling efficiency is much smaller than that of
the symmetric structure, shown in Fig. 2.

Next, we fix the radius of curvature R2 to be infinite large (L/R2 = 0), and then optimize the
alternative radius of curvature R1 to get flexible energy distribution of the asymmetric waveguide
coupling process, shown in Fig. 5(a). It shows that the extinction ratio re can achieve above 10
within the range of L/R1 from 2.22 to 3.70, indicating a good fabrication tolerance of the cavity
geometry. Further, the influence of the thicknesses d1, d2 and d3 is also numerically investigated,

Vol. 12, No. 6, December 2020 2201008



IEEE Photonics Journal Design and Analysis of Asymmetric

Fig. 4. Cavity Q factor and extinction ratio re (a), and coupling efficiencies (b) of the ACMC waveguide
coupling structure as a function of L/R2. Note that the fixed parameters are set to be L/R1 = 2.22,
d1 = 350 nm, d2 = 150 nm, and d3 = 100 nm in the simulations.

Fig. 5. Extinction ratio re and coupling efficiencies of ACMC structures as functions of L/R1 (a), the
thickness d1 of lower cladding of the cavity (b), the thickness d2 of upper cladding of waveguide (c),
and the thickness d3 of Si waveguide core (d). And (e) plots the output power PC, PL and PR of the
ACMC structure as a function of wavelength, corresponding to the point A in (d). Note that the fixed
parameters are set to be L/R2 = 0, L/R1 = 3.33, d1 = 350 nm, d2 = 150 nm and d3 = 100 nm in the
corresponding simulations.

shown in Figs. 5(b)-(d). Note that the extinction ratio and coupling efficiency are not optimal at
the same structure so that suitable geometry needs to be elaborately designed according to the
concrete applications. For example, by tuning geometric parameters, a structure with high re up
to 17.3 and moderate coupling efficiency of 14.8% can be realized, corresponding to the point
A in Fig. 5(d). Besides, we investigate the output power P at each waveguide end of the ACMC
structure corresponding to the point A in Fig. 5(d), as a function of wavelength, shown in Fig. 5(e).
All the data in Fig. 5(e) is normalized by the total output power PC at the resonant wavelength of
1551.8 nm. It shows that the output power is dominant at the resonant wavelength.
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Fig. 6. Normalized electric field intensity distributions |E|2 of ACMC structure in xz plane (a) and xy
plane (b) crossing the center of the cavity (in logarithm scale), and in yz planes at the left end (c) and
right end (d) of the waveguide, respectively.

At last, Fig. 6 shows the electric field intensity distribution of the resonant mode corresponding
to the point A in Fig. 5(d). Fig. 6(a) depicts the optical energy distribution inside the waveguide, in-
dicating unidirectional coupling clearly. And the normalized electric intensity distributions in the left
and right cross-sections at waveguide ends are shown in Figs. 6(c) and (d) respectively. Consistent
with Fig. 6(a), we can see that the energy of waveguide mode in the left side overwhelms that of
the right side. We ascribe this unidirectional waveguide coupling to the asymmetric resonant cavity
mode formed by ACMC structure, shown in Fig. 6(b). Unlike conventional method of asymmetric
waveguide structure, we demonstrate unidirectional waveguide coupling by an asymmetric cavity
structure but with symmetric waveguide, allowing flexible applications for unequal couplings of two
waveguide sides.

4. Conclusion
In conclusion, we have proposed and numerically studied a novel ACMC structure with different
curved facets for unidirectional waveguide coupling of semiconductor lasers. Since the asymmetric
resonant mode is formed by the ACMC structure inside the cavity, its evanescent energy can be
unevenly coupled into two directions of the waveguide structure underneath the cavity. A variety of
properties of the ACMC-based waveguide coupling, such as resonant mode and waveguide mode
distribution, cavity Q factor, coupling efficiency, extinction ratio, etc., are numerically studied by
3D full wave FDTD simulations. By modifying the geometry of the proposed structure, extinction
ratio of the coupling efficiencies at both waveguide ends, up to 17.3, is numerically achieved,
demonstrating the effectiveness of the ACMC-based unidirectional waveguide coupling. Besides,
our study also shows that, by elaborately tuning the ACMC topology, the extinction ratio and
coupling efficiencies of both directions of the waveguide can be flexibly designed, taking the
advantage of allowing unequal coupling of optical energy. The proposed structure can be one
of promising strategies in realizing flexible waveguide coupling of semiconductor nanolasers for
applications in PICs, on-chip interconnects, optical communications and so on.
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