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Fabrication-Tolerant Active–Passive Integration
Scheme for Vertically Coupled Microring Resonator

Chyng Wen Tee, Student Member, IEEE, Kevin A. Williams, Member, IEEE, Richard V. Penty, Member, IEEE,
and Ian H. White, Fellow, IEEE

Abstract—The large-scale photonic integration of microring res-
onators in three dimensions made possible by recent developments
in vertical coupling and wafer bonding technology is shown to
be sensitive to lateral mask misalignment for the ring and bus
waveguides introduced during the fabrication process. For a typi-
cal 20-µm radius, vertically coupled microring calculations reveal
a linear relationship between deviation in the coupling coefficient
and lateral misalignment. A coupling coefficient reduction of 50%
is predicted for a lateral misalignment of 0.3 µm, which is typi-
cal for an alignment accuracy limited by the current state-of-the-
art mask alignment process. The use of a wide multimode bus
waveguide is proposed to ameliorate this alignment sensitivity. The
mode-expanded bus waveguide, together with its physically wider
structure, reduces the dependence of modal overlap and coupling
length on precise alignment, resulting in significantly relaxed fabri-
cation tolerance. Deviation of coupling coefficient decreases by an
order of magnitude for the new ring coupler geometry, where a sole
reduction of 5% is obtained for the same amount of misalignment.
The implications of the proposed structure are subsequently in-
vestigated for microring laser performance. The differential slope
efficiency is shown to be at least five times less sensitive to lateral
misalignment for the proposed structure within a small misalign-
ment regime. This readily adaptable coupler geometry based on
existing vertical coupling architectures is transferable to any fab-
rication scheme with multiple waveguide layers coupled vertically,
and is of particular importance to microring resonators with small
radii.

Index Terms—Electromagnetic propagation, fiber coupling,
large-scale integration, multimode waveguides, optical coupling,
optical diffraction, optical fiber coupling, optical planar wave-
guides, optical resonators, semiconductor device fabrication, semi-
conductor device modeling, semiconductor microring, waveguide
couplers.

I. INTRODUCTION

THE development of the optical communication network
and the implementation of dense wavelength-division-

multiplexing (DWDM) fiber-optic communication systems have
driven the need to realize large scale photonic integrated circuits
with high speed performance. Eventually, advances in semicon-
ductor fabrication technologies are expected to enable the mono-
lithic integration of several photonic components within impor-
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tant optical modules such as transmitter/receivers, optical switch
fabrics, multiplexer/demultiplexers, wavelength converters, and
optical logic gates into a single optoelectronic chip. In contrast
to conventional manual assembly of individual optical modules
from discrete components, integrated photonic components al-
low substantial improvements in size, robustness, and power
consumption of the implemented device. To this end, however,
the integration of optical waveguide interconnects and active–
passive waveguides constitutes a major technological obstacle,
limiting the manufacturability, complexity, and scalability of
future photonic integration.

Microring resonators are a highly attractive and increasingly
viable candidates for photonic integration [1], [2] due to the wide
range of applications achievable via their attractive wavelength
selectivity and compact feature size. They are functionally anal-
ogous to Fabry–Perot resonators, without, however, the need
to form edge mirrors by cleaving or high performance etch-
ing. As such, they are suitable for use as optical cavities for
applications as lasers, optical filters, channel add-drop multi-
plexer/demultiplexers, active optical switches, and optical logic
elements. A microring device generally makes use of straight
bus waveguides to couple light in and out of the ring resonator,
and is therefore primarily characterized by its ring radius and
coupler geometry. The ring radius is specified by the required
performance of the device; the coupler geometry, on the other
hand, falls into two main fabrication process-defined categories:
laterally coupled and vertically coupled. Laterally coupled mi-
croring structures were the first to be realized. In this geometry,
the ring and bus waveguides lie in the same epitaxial plane. For
components formed using the III–V material systems, epilay-
ers are grown by molecular beam epitaxy on an InP or GaAs
substrate. The features of the microring and bus waveguides are
typically defined by electron beam lithography. A combination
of reactive-ion etching and chemical-assisted ion beam etching
is then employed to transfer the pattern onto the epilayer [3], [4].
The drawbacks of this approach are twofold. Firstly, the cou-
pling gap between the microring and bus waveguides is defined
by electron beam lithography and the subsequent processing
steps, which have a process-dependent variability, making it
difficult to achieve reproducible device performance. Secondly,
the fact that the microring and bus waveguides lie in the same
epitaxy plane places a constraint on the material processing flex-
ibility which, for instance, prevents active–passive integration.
For this reason, vertically coupled structures had been explored
rigorously over the past decades [5]–[8], exploiting the freedom
to tailor the epitaxial configuration for the active and passive
layers separately.
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Until recently, both vertically coupled and laterally cou-
pled architectures are restricted by the single-sided fabrica-
tion scheme, where lossy ridge or rib waveguides are used to
provide optical confinement. Recent progress in wafer-bonding
technology has enabled the capability to process both side of
a single wafer, thus yielding waveguides integrated in three
dimensions [3], [4]. The limitation in previous ring coupler
geometry can therefore be overcome by the introduction of a
three-dimensional (3-D) vertically coupled structure, where the
independently optimized microring and bus waveguides are im-
plemented on different epilayers and are coupled to each other
vertically through an epitaxially grown separation layer. The
fabrication process of vertically coupled microring devices can
be summarized as follows: the bus waveguides are first fabri-
cated by epitaxial growth and selective etching. An insulating
cladding layer is then applied to the structure prior to wafer
bonding to another substrate. The sample is then inverted, and
the substrate of the original wafer is removed by etching. Finally,
the microring waveguide is patterned and fabricated by standard
lithography and etching subsequent to mask alignment [3], [4].

To date, a wide range of applications have been demonstrated
in microring resonators. Laterally coupled semiconductor ring
lasers [9], [10] with ring radii in the range of ∼500 µm have
been fabricated, showing the feasibility of a mirror-free semi-
conductor light source suitable for photonic integration. Further
reduction in the ring laser’s dimensions have, however, been
hampered by processing difficulties such as sidewall-roughness-
induced scattering loss in the ridge ring waveguide, which
restricts the bending radius. The circulating optical path can
be used as either laterally-or vertically coupled high order fil-
ters [11]–[14], or WDM channel add-drop filters [15]–[18] with
microrings cascaded in series or parallel. Both dielectric and
semiconductor rings filters have been realized. In contrast to
weakly-guided laterally coupled rings where a typical radius
ranges from 300–700 µm [11], [16], vertically coupled archi-
tectures are capable of realizing smaller ring radii at the range of
10–20 µm due to the better optical confinement achievable, thus
benefiting from a wider free spectral range for minimal signal
crosstalk [12]–[14], [18]. Active switching of the optical signals
with applied bias has also been achieved using laterally- [19]
or vertically coupled [20] structures. Furthermore, the signal
intensity within the microring can be substantially enhanced in-
ternally when the resonance condition is satisfied, giving rise to
various nonlinear optical phenomena. Wavelength conversion
by means of four-wave mixing [21] and optical logic generated
via two-photon absorption [22] has recently been demonstrated.
Clearly, the drive for large scale photonic integration suggests
that vertical coupling is more favorable due to the ease of minia-
turization. Moreover, compact 3-D active–passive integration is
also more feasible with the schemes such as the two-sided wafer
processing method made possible by wafer-bonding technology.

Vertically coupled microring structures have the potential for
higher manufacturing reproducibility and yield. The coupling
gap between the microring and bus waveguide is epitaxially
grown in the vertical coupling scheme, making it more con-
trollable than the lateral coupling scheme where the dimension
of the gap is limited by the accuracy of the etching process.

In addition, the high refractive-index semiconductor separation
layer in the vertically coupled structure also relaxes the fabrica-
tion tolerance compared to low index separation materials such
as air, passivation layers, or metallization employed in later-
ally coupled structures. The fact that the two waveguides reside
at different epilayers also makes it possible to optimize their
corresponding dimensions and structures independently. There-
fore, vertical coupling architecture reduces the main fabrica-
tion imperfections to one single issue-mask alignment between
the microring and bus waveguides. The state-of-the-art wafer
bonding technique currently leads to an alignment accuracy of
±0.3 µm [27]. This work addresses this limit of integration,
and looks at potential extensions that can be readily adapted
to improve the fabrication tolerance of the state-of-the-art 3-D
fabrication techniques.

In this paper, a 3-D mode propagation solver is implemented
to investigate the influence of lateral misalignment on the cou-
pling of modes between microring and bus waveguides of equal
width. The feasibility of improving the alignment tolerance by
doubling the width of the bus waveguide is then studied. The
matching of this multimode waveguide to a single-mode waveg-
uide for connection to other integrated photonic components can
be achieved by tapering the width down to cutoff for the higher
order modes. Lateral mode matching to single-mode fiber can
also be realized by implementing a double taper configuration
that reduces lateral modal diffraction. This paper is organized
as follows. In Section II, the structure of a vertically coupled
microring resonator is presented. An introduction to the sim-
ulation model is given in Section III. Numerical results of the
waveguiding analysis by means of mode propagation solver
are elaborated upon in Section IV, along with implications for
lasers fabricated using the relaxed tolerance scheme. Finally, a
summary and our conclusions on optimum design are given in
Section V.

II. DEVICE STRUCTURE

The schematic of a vertically coupled microring device con-
sidered in our analysis is shown in Fig. 1(a). The ring waveg-
uide, which is sandwiched between two InP cladding layers,
has a bandgap of QRing = 1290 nm. The ring radius is per-
fectly circular and has a radius of curvature of 20 µm. A
buried heterostructure bus waveguide, with a bandgap identi-
cal to that of the ring waveguide, is located underneath the ring.
This bus waveguide is cladded by silica, which serves both to
improve modal confinement and facilitate wafer bonding for
structural support. A detailed plan and cross-sectional view is
also presented in Fig. 1(b). Lateral misalignment is defined as
the distance measured between the center of the ring and the
bus waveguide. The coupling coefficient between the active-
ring and passive-bus waveguide is, therefore, a function of both
waveguide separation and lateral misalignment.

The waveguide separation between the microring and bus
waveguide is made up of the waveguide cladding layer and the
mid-layer. The thickness of this mid-layer is dependent on the
etch depth during the fabrication process of the top microring
waveguide, as shown in Fig. 1(b). Typically, a thin layer of the
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Fig. 1. (a) Schematic of vertically coupled microring device. (b) Plan and
cross-sectional view of the device; waveguide parameter used in the paper is
specified.

original InP waveguide separation layer is left intact during the
etching process, effectively splitting it into the two functional
layers stated previously: a rib waveguide for the active microring
layer for tight optical confinement, and a ridge waveguide for
the passive bus layer for low loss operation. While it is clear
that, for a given microring-bus separation, a smaller mid-layer
thickness provides better modal confinement within the ring
waveguide, resulting in a reduced optical attenuation due to
bending loss, it has been shown previously that leaving a thin
mid-layer has the effect of improving coupling efficiency and
providing mechanical support to the microring waveguide layer
[27].

III. NUMERICAL TECHNIQUE

A 3-D eigenmode expansion (EME) method [31] is used to
model the vertically coupled microring device. The model is
very computationally efficient for analyzing waveguide struc-
tures with optical field confined along the transverse (x, y) di-

rection, while the waveguide itself is slowly-varying along the
propagation (z) direction. This particular waveguide geometry
allows one to separate the solution of the Helmholtz equation
into a complete basis set of two-dimensional (2-D) eigenmodes
and one propagation direction with a simple harmonic depen-
dence as follows [32]:

Ψ(x, y, z) =
N∑

k=1

{Ak exp(jβkz) ± Bk exp(−jβkz)}ψk (x, y)

(1)

where Ψ and ψ are the electric or magnetic field amplitude
and mode profiles, respectively, A and B are the forward and
backward propagating field amplitude, β is the propagation con-
stant, and k signifies the eigenmodes included in the analysis.
While the complete basis set of eigenmodes consists of an in-
finite number of modes, in general, accounting for the guided-
modes within the waveguide will be sufficient to accurately
compute waveguiding problems with reasonably low numerical
error [32]. A given waveguide structure is separated longitudi-
nally into an array of waveguide sections, each of which is writ-
ten as a linear combination of 2-D eigenmodes calculated by
a vectorial film mode-matching method [33]. Field amplitudes
in each waveguide section are then determined by evaluating
the scattering matrices between adjacent waveguides, which are
obtained from mode overlap integrals of eigenmodes in neigh-
boring waveguides. Once these parameters are computed, field
propagation across the entire waveguide can then be simulated.

The waveguide structure described in Section II is investi-
gated under the preceding algorithm [31]. As this work focuses
on the mode coupling between the ring and bus waveguide,
the microring dimension is designed to ensure single-mode ring
performance, and only half of the ring circumference where the
mid-point overlaps with the bus waveguide is considered in the
analysis. The coupling coefficient (κ), defined as the fraction
of power coupled to an adjacent waveguide at the coupling sec-
tion, is evaluated by injecting a fundamental transverse magnetic
mode (TM) at the microring as input, and computing the frac-
tion of optical power output from the bus waveguide. Note that
although the TM mode is considered in the simulation, mode
coupling in a vertically coupled structure is polarization insen-
sitive [3], [4]; therefore, the results obtained are general and can
be applied equally well to the TE mode.

IV. SIMULATIONS

In the following, the coupling of modes between the micror-
ing and bus waveguide is analyzed. Initial studies concentrated
on the alignment sensitivity of a conventional vertically coupled
microring architecture, where both microring and bus are single-
moded waveguides with identical width. The feasibility of em-
ploying a multimode bus as an alternative approach to reduce the
sensitivity of the mode coupling coefficient to alignment offset is
subsequently proposed. A double taper configuration for the bus
waveguide is also introduced to discriminate against higher or-
der modes, and enhance mode matching to single mode fiber for
better butt-coupling efficiency. A comparison for laser designs
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Fig. 2. Field contour plot of the transverse magnetic mode within the microring
and bus waveguide. The two waveguides are inherently single-moded.

based on the conventional and the proposed structures is also
presented to highlight the implications on device fabrication.

A. Conventional Design-Single-Moded Ring and
Bus Waveguide

Conventional vertically coupled microring architectures em-
ploy narrow width ring and bus waveguides to ensure single-
mode performance. The width of ring and bus waveguide is set
to 1 µm in the calculation, which is typical of published work.
Fig. 2 shows the field contour plot of the fundamental transverse
magnetic mode within the two waveguides, which are inherently
single-moded.

The vertical separation between the ring and bus waveguide
is epitaxially controlled, and achieves a high level of precision.
The variation in offsets between the center points of the micror-
ing and bus waveguide due to lateral misalignment during the
fabrication process thereby constitutes a major fabrication issue
in the vertically coupled architecture. In Fig. 3, the dependence
of power coupling coefficient on lateral alignment of the mi-
croring and bus waveguide is plotted with a range of midlayer
thicknesses. The waveguide separation is set to 0.8 µm, and the
waveguide cladding and midlayer thickness combinations are
varied in the three curves. While positive offsets whereby the
ring moves away from the bus are considered in Fig. 3, it is noted
that negative offsets of comparable magnitude have a signifi-
cantly weaker effect. The results of the calculation show clearly

Fig. 3. Dependence of power coupling coefficient on lateral misalignment
of microring and single-mode bus waveguide. There is a linear relationship
between the rolloff in the coupling coefficient and lateral misalignment within
a small offset regime (±0.3 µm).

that a slight lateral misalignment leads to a drastic deviation
from the optimum coupling coefficient. A linear dependence of
coupling coefficient as a function of misalignment is observed
within the small lateral misalignment regime (<0.5 µm). A
lateral offset of ∼0.3 µm corresponds to a 50% reduction in
the coupling coefficient. The influence of the midlayer thick-
ness on the coupling of modes between the two waveguides is
also shown in the figure. For a given waveguide separation, a
thicker midlayer thickness has the advantage of enhanced mode
coupling due to the additional high-index waveguiding region
for mode-coupling between the microring and bus waveguide
to take place. However, a higher bending loss from the ring
waveguide should be anticipated, since the smaller waveguide
cladding layer inevitably reduces modal confinement within the
ring. It has been shown theoretically and experimentally that
to avoid bending loss in the ring waveguide, a typical midlayer
thickness of smaller than 400 nm is required [4].

The computational results of the 3-D mode propagation solver
can be readily explained within the framework of coupled-mode
theory [15], which predicts that the coupling coefficient between
two weakly-coupled waveguides in close proximity is depen-
dent on the corresponding mode overlap profile within the two
waveguides, as well as the length of the overlap region [15]

κ = −j
ωε0

4

∫
Lc

dz

∫ ∫
dxdy

(
n2 − n2

B

)
ψ1ψ2 exp(−jβz)

(2)

where ω is the angular frequency of the guided-mode, ε0 is
the material’s permittivity, Lc is the coupling length, nB is the
refractive index of the waveguide separation layer, and ψ1 and
ψ2 are the mode profile within the ring and bus waveguide,
respectively. Clearly, lateral misalignment leads to a reduction
in the coupling coefficient as a consequence of the decrease
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Fig. 4. Dependence of power coupling coefficient on lateral misalignment of
microring and multimode bus waveguide. Although a higher order mode will
be excited, the wider mode profile supported by the multimode bus waveguide
significantly reduces the sensitivity of the coupling coefficient to misalignment.

in mode overlap product (ψ1ψ2) and length of the overlap
region (Lc).

B. Relaxed Fabrication Tolerance Design

In Section IV-A, reduced modal overlap and effective cou-
pling length are identified as the principle mechanisms behind
the reduction of coupling coefficient with increasing lateral
bus/ring misalignment. This suggests that deviation of the
coupling coefficient from the designed value can be minimized
by reducing the dependence of the two parameters on lateral
misalignment, thereby relaxing the fabrication tolerance of
the design. We propose the use of a mode-expanded wide
multimode bus waveguide to ameliorate this coupling effect.
A wider waveguide supports a wider mode profile, which
reduces the sensitivity of effective coupling length and mode
overlap integral to lateral alignment. This is consistent with
the framework of coupled-mode theory as defined in (2),
which indicates that a reduced coupling sensitivity on lateral
misalignment can be achieved by applying a mode-expanded
bus waveguide with a wider width.

The coupling coefficient is calculated using an approach
similar to the approach outlined in Section III. Due to the
inherent multimode nature of the bus waveguide design, two
modes are excited at the coupling region. Fig. 4 plots the
dependence of power coupling coefficient from the ring to the
fundamental and first order TM mode in the multimode bus
waveguide at various midlayer thicknesses. The field contour
plots of the two modes are shown in the inset of the figure. A
midlayer thickness of 400 nm is used in the calculation. From
the figure, it is observed that the coupling coefficient of the
fundamental mode (solid line) is maximized at a center offset
value of −0.5 µm, where the waveguide overlap region is the

Fig. 5. Power coupling coefficient to multimode bus waveguide with taper ar-
chitecture employed to provide higher order mode filtering within the multimode
bus waveguide.

largest. The roll-off of coupling coefficient is much slower than
that of the single-mode bus waveguide, as depicted in Fig. 3.
The coupling coefficient to the first order TM mode (dotted
line) is also shown in the figure. Enhanced coupling to the first
order mode occurs at a lateral misalignment of −0.5 µm and
+0.5 µm, where the modal overlap is significant.

Although perfectly aligning the center of the ring and bus
waveguides will result in an improved coupling sensitivity and
minimal excitation of the higher order mode, it is observed that
the coupling coefficient for the fundamental mode remains un-
changed within the regime of small lateral misalignment with a
center offset of −0.5 µm, as indicated in Fig. 4. This is because
while lateral misalignment decreases the waveguide overlap re-
gion, the mode overlap integral actually increases, canceling the
effect of the misalignment on the coupling coefficient. When the
microring and bus waveguide is aligned to this optimum offset
value, the deviation of coupling coefficient from the designated
value remains smaller than 5% for a lateral misalignment of
0.3 µm, showing that fabrication tolerance can be significantly
relaxed by employing a mode expanded bus waveguide.

C. Double Taper Configuration

It is desirable to achieve mode-matching to a single-mode
bus waveguide for connection to other integrated photonic com-
ponents, or for enhanced coupling efficiency between a bus
waveguide with slab geometry and a single-mode fiber with
cylindrical geometry. The aim of this section is to analyze and
discuss the feasibility of adapting a simple taper architecture to
achieve these two goals.

Adiabatic tapers within the bus waveguide can be used to
introduce intermodal discrimination to the guided modes. By
tapering the width of the wide multimode bus to below the cut-
off value of the higher order modes, efficient mode filtering can
be achieved. Fig. 5 plots the power coupling efficiency with the
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Fig. 6. Graphical comparisons between conventional and proposed design.
Within the regime of small offset (±0.3 µm), deviation of the coupling coeffi-
cient from the proposed design is minimal (∼5%), whereas in the conventional
design the deviation is as high as 50%.

existence of a tapered bus section that reduces the width of the
bus to 0.8 µm beyond the waveguide overlap region where mode
coupling takes place. Due to the presence of the low refractive
index silica cladding around the bus waveguide, a tapering sec-
tion with a length as small as 200 µm is sufficient to ensure
adiabatic performance. The field contour plot of the fundamen-
tal mode within the tapered single-mode bus waveguide is also
shown in the inset of the figure. The calculation results show
clearly that the optical power coupled to the higher order mode
is filtered after the taper section, while coupling to the funda-
mental mode is unaffected. A graphical comparison between
the conventional and proposed designs is plotted in Fig. 6. Al-
though both designs operate in the single-mode regime, for a
given lateral misalignment from designated alignment, the de-
viation of coupling coefficient is significantly smaller for the
proposed design.

Input–output coupling losses from the narrow bus waveguide
to the single-mode fiber can increase to up to 30 dB [34] as a re-
sult of spot-size mismatch between the two waveguides. Optical
output from the narrow bus waveguide undergoes a large amount
of diffraction. However, enhanced fiber coupling efficiency can
be obtained by expanding the fundamental mode profile after
the higher order mode filtering section. This wide mode profile
leads to reduced lateral diffraction, enhancing mode matching
to the single mode fiber. Therefore, a double taper configuration
that tapers the bus waveguide in-and-out is efficient for mode
filtering and fiber coupling efficiency. Fig. 7 shows a plot of the
fiber coupling efficiency versus tapered bus width. The distance
between the bus waveguide and fiber is set to 15 µm in the calcu-
lation. The far field contour plot and its corresponding overlap
profile with the single-mode fiber (dark circle) are also plotted in
the inset of the figure. Spot-size matching along the horizontal
direction is achieved by a wide taper bus. The calculations pre-
sented in this section provide a firm theoretical justification of

Fig. 7. Coupling efficiency of different bus waveguide widths to single mode
fiber at a distance of 15 µm and a core diameter of 12.5 µm. To ensure efficient
butt-coupling to fiber, an in-and-out taper configuration is useful in reducing
lateral diffraction, resulting in enhanced spot-size matching to the fiber geometry
in one dimension, as shown in the inset of the figure.

Fig. 8. Dependence of threshold current density deviation, quality factor, and
differential slope efficiency of vertically coupled microring laser on lateral
misalignment.

the taper configuration that had been experimentally evaluated
for enhanced fiber coupling efficiency in [26], [27].

D. Device Applications-Microring Lasers

A microring device is characterized by its ring radius,
epitaxial layer, coupling coefficient and cavity loss (due to
side-wall roughness and scattering) [23]–[29]. For a given
design, the most important parameter that can severely impact
the performance of the device is the coupling coefficient [3], [4],
which specifies the optical power coupling efficiency between
the ring and bus waveguide. Previous sections have explored a
readily adaptable coupler geometry to ameliorate this issue. It is



114 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 12, NO. 1, JANUARY/FEBRUARY 2006

Fig. 9. Schematic of proposed vertically coupled microring architecture. Wide multimode bus reduces the power coupling sensitivity to lateral misalignment.
Double taper configuration provides higher order mode filtering and improves coupling efficiency to a single-mode fiber.

important, however, to assess the performance of any new struc-
ture on overall device performance. This section looks at the
influence of coupling efficiency variation due to misalignment
on the performance of a microring laser. The analysis is based on
steady state approximation, and a detailed derivation of the list
of relevant equations can be found in [10]. The coupling coeffi-
cient of a microring laser structure is analogous to the emission
mirror reflectivity of a Fabry–Perot laser, and therefore has
significant effect on the differential slope efficiency, intracavity
loss, threshold current density, and quality factor of the device.

Fig. 8 shows the percentage of threshold current density (Jth)
deviation, quality factor (Q), and differential slope efficiency
(η) against lateral misalignment for conventional (solid line)
and proposed (dotted line) design. The threshold current density
is given by

Jth =
ed

τN

[
NT +

1
aN τph

]
(3)

where e (= 1.6 × 10−19) is the electron charge, d ( = 0.1 µm)
is the thickness of the active layer, τN ( = 1 ns) is the carrier
lifetime, NT (= 1.5 × 1018) is the transparency carrier density,
aN (= 1.3 × 10−7) is the differential gain coefficient, and τph

is the photon lifetime. The quality factor is given by

Q =
4π2Rneff

λκ
(4)

where R (= 20 µm) is the ring radius, neff (= 3.4) is the ef-
fective refractive index of the guided mode, λ (= 1.55 µm) is
the operating wavelength, and κ is the coupling coefficient. The
internal quantum efficiency is given by

ηint =
ακ

ακ + αabs
(5)

where ακ is the cavity loss of the optical intensity, and αabs

(= 50 cm−1) is the absorption/bending loss. In (3)–(5), the pho-
ton lifetime and cavity loss are parameters determined by the
alignment between the microring and bus waveguide, and are

calculated based on standard Fabry–Perot resonator equations
(with R = 1 − κ, where R is the emission mirror reflectivity).
Bending loss introduces a constant attenuation to the optical
intensity, corresponding to a constant shift in threshold current
density and differential slope efficiency. Within the typical range
of coupling coefficient (4%-10%), the cavity loss due to pho-
ton escaping from the microring cavity is much higher than the
internal absorption/bending loss.

The coupler geometry is designed to achieve an identical
coupling coefficient for the fundamental mode under perfect
alignment. It is clear from the calculations that for conventional
design, lateral misalignment results in drastic reduction of cou-
pling coefficient, thereby increasing the deviation of threshold
current density and the quality factor of the resonator. The re-
duction in coupling coefficient due to lateral misalignment in-
creases the Q, and therefore reduces the threshold current den-
sity. However, this also causes dramatic deviation of differential
slope efficiency from the designated performance. On the other
hand, relaxed sensitivity to alignment issue in the proposed mul-
timode bus coupler geometry greatly reduces the influence of
lateral misalignment on the laser’s slope efficiency.

V. CONCLUSION

A 3-D mode propagation solver has been implemented to
analyze various vertically coupled microring designs within
a self-consistent framework. Mode coupling between the two
waveguides is addressed by injecting a fundamental mode at
the ring and computing the optical output from the bus waveg-
uide. A linear relationship is found between coupling coefficient
rolloff and lateral misalignment between the two waveguides for
a conventional vertically coupled design employing a single-
mode ring and bus waveguide. Although the vertical coupling
scheme is more tolerant to fabrication imperfection than the
lateral coupling scheme due to the precise control over cou-
pling separation achieved by means of epitaxial growth, this
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advantage might well be offset by the lateral misalignment be-
tween the ring and bus waveguide introduced during subsequent
mask alignments, which is limited to an accuracy of ±0.3 µm
by the current state-of-the-art technology.

The sensitivity of coupling coefficient on lateral misalignment
can be readily understood within the framework of coupled-
mode theory, which indicates that for two weakly-coupled
waveguides, the coupling coefficient is dependent on the mode
overlap integral and the length of the coupling region. This has
prompted a highly applicable way of relaxing the fabrication
tolerance–by employing a mode expanded wide multimode bus
waveguide, the sensitivity of the two critical parameters against
misalignment can be greatly reduced. Further simulations have
confirmed this speculation: for a bus waveguide double the size
of the ring, lateral misalignment of 0.3 µm from the optimum
coupling point results in a deviation of coupling coefficient
of less than 5%. This shows that reproducible vertically cou-
pled microring devices can be realized with existing fabrication
technology by employing a wider bus waveguide. The feasi-
bility of applying simple taper architecture to achieve higher
order mode filtering and enhanced fiber coupling efficiency is
also studied. A double taper with an in-and-out configuration
is shown to be effective in discriminating against higher order
modes and reducing lateral diffraction, resulting in improved
spot-size matching when butt-coupled to a single-mode fiber.
The schematic of the proposed design is summarized in Fig. 9.
Implications of the proposed structure for device performance
are also investigated by comparing the characteristics of a semi-
conductor microring laser design based on conventional and
proposed structure. It is shown that the proposed structure is
capable of stabilizing important laser parameters, for instance,
differential slope efficiency, against lateral misalignment.

In conclusion, a consistent theoretical analysis of different
vertically coupled microring designs has been performed for
the first time, highlighting the limitation due to lateral misalign-
ment in achieving a reproducible device. A mode expanded bus
waveguide with double taper configuration is proposed, and is
subsequently shown to be capable of relaxing the fabrication
tolerance.
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