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Design and Modeling of Waveguide-Coupled
Single-Mode Microring Resonators

M. K. Chin, Member, IEEE,and S. T. Ho,Member, |IEEE

Abstract—We discuss a first-order design tool for waveguide- C
coupled microring resonators based on an approximate solution A
of the wave propagation in a microring waveguide with micron- on 4—

size radius of curvature and a large lateral index contrast. The
model makes use of the conformal transformation method and a
linear approximation of the refractive index profile, and takes into
account the effect of waveguide thickness, dispersion, and diffrac-
tion. Based on this model, we develop general design rules for the
major physical characteristics of a waveguide-coupled microring
resonator, including the resonance wavelength, the free spectral
range, the coupling ratio, the bending radiation loss and the
substrate leakage loss. In addition, the physical model provides s

leads to alternative coupling designs. We present two examples, 7‘~on> }‘oﬁf > » Koff

one using a phase-matching parallel waveguide with a smaller A WGl B

width than the ring waveguide, and the other using a vertical

coupling structure. Both these designs significantly increase the Fig. 1. A schematic of the waveguide-coupled microcavity resonator, show-
coupling length and reduce or eliminate the dependence on a N9 @ microring resonator coupled to straight waveguides.

narrow air gap in a waveguide-coupled microring resonator.

Index Terms—Conformal transforms, microresonators, nano- Pending loss. Therefore, compared with the weakly guiding
fabrication, nanophotonics. waveguide, the strongly guiding microcavity can be up to 1000
times smaller. Because of the small size, the propagation loss
in the cavity is also negligible. Consequently, both the FSR
and the finesse are much larger for this resonator. An FSR of

PTICAL ring waveguide resonators are useful compd@ THz (50 nm) can be achieved, sufficiently large to cover the
nents for wavelength filtering, multiplexing, switchingentire 30-nm erbium amplifier bandwidth.
and modulation [1], [2]. The main performance characteristicsFig. 1 shows a schematic of an add—drop filter (or optical
of these resonators are the free-spectral range (FSR), $fdtch) implemented with a microring resonator [4]. The
finesse (or@-factor), the transmission at resonance, and theo tangential straight waveguides (WG1 and WG2) serve
extinction ratio. The major physical characteristics underlyiras evanescent wave input and output couplers. If the signal
these performance criteria are the size of the ring, the propagatering port A is on-resonance with the ring or disk, then that
tion loss, and the input and output coupling ratios (equivalesignal couples into the cavity from WG1, couples out from the
to the reflectivities of a Fabry—Perot resonator). There acavity into WG2, and exits the device at port C. A signal that
various components of losses, including sidewall scatteriigoff-resonance with the cavity remains in WG1 and exits at
loss, bending radiation loss, and substrate leakage loss. Ruogt B. The critical dimension in this optical switch is the 0.1-
resonators based on (rib) waveguide structures with weak gap separating the microring cavity from the tangential
lateral confinement have very low sidewall scattering loswaveguides. These gap sizes determine the input and output
However, the high radiative bending loss limits its minimuneoupling ratios of the resonator, which in turn determine the
radius to about 2 mm, in which case the FSR will be smathagnitude of the finesse and the at-resonance transmittance.
(in the order of 100 GHz [3]), and the finesse will also bé the case of a microring coupled to straight waveguides, the
low because the scattering loss is very high for such a largaps are very small due to the strong optical confinement and
circumference, although the scattering loss per cm is lowéhe small coupling interaction length. These small gaps are
On the other hand, strongly guiding ring waveguides wittiifficult to fabricate. In particular, it is difficult to ensure that
very large lateral refractive index contrast (air-semiconductatie two coupling gaps on both sides of the ring are identical.
air) can have diameters as small as }#8 with negligible If the coupling factors are not equal, then the finesse and the
ON-OFF ratio of the resonator will be reduced. To achieve
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and to formulate general design rules for the major physical
characteristics of a waveguide-coupled microring resonator.
While there are available very precise numerical methods,
such as the finite difference time domain (FDTD) method [5],
that can solve the electromagnetic field distribution in any
complicated three-dimensional (3-D) photonic structures, they
are time consuming to use and, for most purposes, the accu-
racy is not essential for first-run designs. Recently, multiple Subsirate Substrate
coupled-resonator filters have also been proposed and modeled ®)
using the so-called “coupling of modes in time” method, in
which the ring eigenmodes are never explicitly solved [6]. B ig. 2. Two possible realizations of the vertical layer structure: (a) Type |
. . .or weak vertical guiding structure and (b) Type Il or strong vertical guiding
contrast, we will follow the more conventional approach irycture.d is the waveguide core thickness andis the lower cladding or
which the waveguide eigenmodes are first solved, and theffer thickness.
Icul h her parameter: h h li
used. tp calculate t'e'ot er para .ete S suc a;t e Cou.pwr}%rekf = 202 = B2 4 k2 4 k2 = B2(n2 + n2 + n2),
coefficient and radiation loss. This will be achieved usmg oy ! ¢ = oN T 4 =
; ) . R . . = 2m/A, and A is the free space wavelength. For edch
a model that is relatively simple and intuitive, approximate . .
. : f/ector there are two modes corresponding to the two possible
but reasonably accurate, and analytical wherever possible. h(? o .
. . . polarizations. These are the transverse electric (TE) and the
advantage of such an approach, as will be shown, is the gair) In : . -
A R ; ransverse magnetic (TM) modes with the electric field and
physical insight. Some approximations are necessary in order L . —
S . : . .Ihe magnetic field, respectively, parallel to thedirection.
to simplify computations and the complexity associated wi LI . . .
: or simplicity we will consider only the TE mode, since the
the 3-D nature of the problem. In particular, the treatment Co
. ) . : S ; ethod of analysis is similar for the TM mode. For the TE
the vertical dimension (thickness) of the device is appromma{g. : o .
dee,<p is the 2 component of the magnetic field (i.e., the
Nevertheless, the model attempts to account for some

! . . ; qectric field has no: component).
the 3'[.) physical effe_cts such as waveguide dispersion, eclegeI'he conformal transformation to be discussed later applies
diffraction, and bending loss.

only to the z-y plane. We, therefore, first reduce the 3-
D waveguide problem to two-dimensional (2-D) by making
Il. METHOD OF CALCULATION two approximations. In the first approximation, we assume
AND PHYSICAL CONSIDERATIONS that the waveguide mode can be written in the form

The current method is an extension of the conformal trang-= (7, ¢)H(z), where F'(r, ¢) describes the mode in the
formation method used previously for solving the waveguidey Plane andH(z) describes the resonant field in the
modes of a microdisk structure [7]. This method is chosen bidlrection. In the second approximation, we use the effective
cause of the intuitive physical picture it gives, as will becomi@dex method (EIM) [8] to determinél(~) and its associated
apparent later. We consider a semiconductor waveguide wi¥gvevector component
core thickness/, and core material index,, surrounded in k. =2mn. /A (2)
the horizontal direction by air. The cladding material index is
n., which for simplicity is assumed to be the same for bothor verification of this approximation, we compare the effec-
the upper and lower cladding layers. Two possible realizatiofe indexes(ner) for both Type | and Type Il waveguides
for the vertical layer structure are shown in Fig. 2(a) arfeplculated with EIM and with multigrid finite-difference nu-
(b) where Fig. 2(a) is a weak vertical guiding structure witferical methods [9]. For example, the difference (i.x)

n. < ni. Since photons are strongly confined only in thBetween the two methods is shown for T)Mmode in Fig. 3.
horizontal direction, we call this th&ype | or the photonic Note that the EIM approximation is a good one except when
well structure. Fig. 2(b) is a strong vertical guiding structuréie width is smaller than 0.2m for Type | waveguides and
wheren. < n1. (For example, the low-index medium could®-4 #m for Type Il waveguides.

be air, or acrylic/polyimide with. ~ 1.5.) Since the photons  Fig. 4(a) shows the approximate for the TE modes as a
are strongly confined in both transverse dimensions we ciinction of the normalized core thicknesg\, for both Type |

this the Type Il or the photonic wirestructure. In theory the and Type Il waveguides. In the Type | case we assume a GaAs
later structure is more interesting as photons are more strong@fe With»n; = 3.372 and an AbssGayssAs cladding with

confined, but in practice it is not easy to realize, especially fg¢ = 3.150. Note that for Type Il single-mode waveguides,
electrically contacted devices. d/A should be<0.3, whereas!/A could be much larger for

Type | waveguides. Roughly speaking, < 1 for Type |
waveguides and., > 1 for Type Il single-mode waveguides.
For Type | waveguidesp. depends also on the waveguide
o ] i ) width, as shown in Fig. 4(b).
In cylindrical coordinates, the ring waveguide mode may be Having solvedH (z) and ., (1) can be reduced to the 2-D
given by the 3-D scalar wave equation scalar wave equation foF(r, ¢)
Py 10p 10% 0% O’F 10F 1 8*F

S I T AR S 1 I T 3
87‘2+7‘ 87‘+7‘2 8¢2+822+ 1¥ @) or? +7‘ 87’+7’2 8¢2+q ®)

n; j£5]

A. Conformal Transformation Method for Ring
Waveguides with Finite Thickness
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Fig. 3. Percentage error in effective index calculated by the effective index 0.4 i

method and the finite-difference numerical method, for,F;NMhode in Type |
and Type Il waveguides as a function of waveguide width (a). The waveguide

thickness(d) is assumed to be 0.4bm for Type | waveguides. Type Il 0.3 4 GaAs-Al .Ga. .. As u
waveguides are assumed to be square= b). ] 0.450.55 -
0.2 _: d=0.45 um C
, . 1 A=15pum 5
whereq¢?(z,y) = kI —k2. We assume the ring to have a width 0q H
. I e e e S

of w, an inner rim radius of®;, and an outer rim radius of
R», as shown in Fig. 5(a). We next make a transformation to a 00 01 02 03 04 05
new coordinate system, v such that the curved waveguides

: ) JHIME Waveguide width (um)
become straight in the— plane. Such a transformation is )
given by [10]
Fig. 4. (a)n:, the equivalent index in the direction for the TE modes, as
u = Reg 1n(7>/Reﬂ)7 v = Reﬂ¢_ (4) a function ofd/A for Type | and Type Il waveguides. (). as a function of

waveguide width, for Type | waveguides with the given material compositions
Our transformation is somewhat different from the literatur@nd core thickness.
in that we useR.g instead of R, (or R), where R g is the
effective ring radius to be defined later. The resulting wavygcreases radially ag/?« so at some point the index will

equation in the(u, v) space is then be large enough to support oscillatory modes. On the other

R2F  92F ) hand, for Type Il waveguides in which, > k,, the field
g2 T g T 1 exp(2u/Reg) " =0 (5) is completely evanescent outside the guide and there is no
where radiation loss.
2 _ g2 g2 JK =k for Ry <r < Ry, B. The Effect of Diffraction
¢ =koAk = {k§ — k2 forr < R; andr > R» (©)

In reality, the evanescent tail of the bounded mode will
and k; = 2wn1/A, ka2 = 27na/A. The effect of waveguide diffract outside the waveguide. This means tlgt which
thickness is now embedded ik.. The transformed linear is continuous across the boundaries of the waveguide, must
waveguide is shown in Fig. 5(b), with the straight edgedecrease monotonically once outside the waveguide since the
at u; = Regln(R;/Reg) andus = Reglu(Ro/Req). The field there is not guided. The dependencetofon « outside
refractive index in this waveguide is a function ef as the waveguide corresponds to the diffraction effect. Here,
illustrated in Fig. 6(a) for the two possible cases correspondimg approximately include the effect by assuming that the
roughly to the Type | and Type Il waveguides. In the formegvanescent wave outside the waveguide diffracts as a Gaussian
case, the effective refractive index outside the waveguideve, with thek. value decreasing with according to the
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structures. For these reasons, we will henceforth focus mainly
on the Type | structures.

C. The Physical Meaning dR.i;

We expect the radial distribution of the eigenmode in a
curved waveguide to be somewhat skewed toward the outer
edge (u2). Different parts of the radial wavefunction will
propagate in thep (or v) direction with slightly different
pathlengths given by¢. Therefore, for the radial mode as a
whole to remain in phase, the propagation constant must vary
along «. This shows that in a curved waveguide theand
v components are inherently coupled, and the eigenmodes, in
Va general, cannot be separated neatly imtandv components.

Nevertheless, to make the solution tractable, we shall assume
27 Resr the separation of variables and write

F(u,v) = F(u) exp(ik,v). (8)
In other words, we assume that ticentroid of the radial
intensity distribution|F'(w)|?, propagates around the ring with

an averagepropagation vectok,. R.g is then theeffective
ring radius, defined as the radial distance to tentroid

> U of the radial function [11]. The resonance condition in the
u 0w propagation direction requires that R.q = m, wherem is
(b) an integer called the azimuthal mode number, which gives

Fig. 5. (a) Geometry of the ring waveguide in they plane. (b) Equiv- the ”“mper of nodes along the direction. Clearly,k, a_nd
alent straight waveguide in th@, v) transform spaceu; andu» are the FReg are inter-dependent and must be solved self-consistently,

coordinates of the edges of the ring. along with the radial functiorf’(x), which is now given by
the one-dimensional (1-D) wave equation
usual expression d2F .
P i Tz —ka(u)F 9)
2 . U
koo = ————, ©1=1,2 (7)

NETRE where k2 = (k? — k?)exp(2u/Reg) — k2 (i = 1,2 as
1+ [ P } before). This equation has a discrete set of solutions which are

characterized by a radial mode numbkrgiving the number

where w, is the effective mode radius at the waveguidgf nodes in the- direction. Oncek, and R.; are known, the
edge. This effective mode radius may be approximated By,

) sonance wavelength of the cavity is given by

wo = deg/2, Wheredeg = d + 2/7., v. being the decay 9y Rog
constant ofH(z) outside the waveguide core. The diffraction At = ———— (10)
effect changes the refractive index distribution outside theh defined bvk. — 2 m)\ is imolicitly d dent
waveguide, as shown in Fig. 6(b). The change is especial{€r€” defined byk, = 2mn,/}, is implicitly dependen
drastic for the Type Il case. In both cases, the external ind® l. The resonancg frgquency is then glverl )‘&W) -
for u > uy Now increases monotonically with and exceeds C/)‘;’”’ and the FSR is given bAApsg = 2mRen[=50 —
the waveguide effective index at some “turning” poias. neBni1)] The dependence of, on wavelength is known as
Essentially, the effect of diffraction is to move this point close€ waveguide dispersion.
to the waveguide edge. Beyond this point an oscillatory fie . :
exists meaning that there will always be some radiation |0§S Solution for the Radial Modes
through nonresonant tunneling. Equation (9) is similar to the Schrodinger equation of

Diffraction has two opposing effects on the field couplinguantum mechanics, with? corresponding to the “energy”
between two adjacent waveguides. First, becaisde- k2| is eigenvalue andk? — k2) exp(2u/Req) to the “potential.” The
reduced, the modal field will now decay less rapidly outside thgoblem of wave propagation (eigenfunctions) in a waveguide
ring waveguide, and therefore overlap more with the adjacdauantum well) with arbitrary refractive index (potential) pro-
waveguide. Second, because the field expands in the vertiilal can be solved by the transfer matrix method [12] or the
direction the coupling is reduced by the decreased modslKB method [13]. Here, we aim for a simpler solution, which
overlap in the vertica{z) direction. Overall, the coupling may is based on the observation that the index profiles in Fig. 6(a)
be diminished, especially for the Type Il structures where tlad (b) are approximately linear inside the waveguide, and
diffraction effect is strong. In other words, to achieve the sanadso over most regions of interest outside the waveguide where
coupling coefficient in both Type | and Type |l structures, ththe field is not negligibly small. This linear approximation of
required gap spacing will have to be even smaller in the Typlee index profile is good for strongly confined, single-mode
Il structures, which aggravates the difficulty in realizing thesgaveguides, except when the radii of curvature are very small
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Fig. 6. Plots of the “potentialk, (u)?> + k2 as a function ofu for Type | and Type Il waveguides: (a) without considering the diffraction effect and (b)
with diffraction taken into account. (c) Linear approximations of the “potential” (with diffraction included) in various regions, showing thessilmepcases
where the potentials in Region Il have opposite slopes, resulting in different sol@ffensin that region. Various notations used in the text are indicated.

(Ry < 1 pm). Within this linear approximation, (9) can bewherec; andd; are constants to be determined case by case.
solved analytically in terms of Airy functions, much like theEquation (9) becomes
analogous problem of a quantum well in the presence of an
applied electric field [14]. The same technique has also been @2F
applied by Goyalet al. to bent planar waveguides [15]. We du?
briefly describe the method below.

Consider Region | as shown in Fig. 6(c). In the lineawheree = k2 is the eigenvalue. It can be shown that, by
approximation, we writdk? — k2) exp(2u/Regt) ~ c1 + diu,  defining the dimensionless variabls = —(c; + diuw —e)/l;

= —[e1 + diu — ] F (11)
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wherel; = d*/®, (11) is reduced to the Airy equation of the radius (sayR,), the waveguide widtlfw), the vertical
B2F R waveguide structuréd,n, n.), and the optical wavelength
7k —Z1F(Z5) (12) (A). The dependence on the vertical waveguide structure is
1

. S ) o . lumped into a single parameter, as discussed before. In
the g'eneral solution for which is a linear combination of Airy, )« cases, we are interested in waveguides that have a single
functions transverse mode.

F(Z1) = a1 Ai(Z) + by Bi(Zy). (13) Fig. 7_(a)—(c) shows the changesraf for TE modes as t_he

waveguide parameters., R,, andw, respectively, are varied

Similar parameters;, d, and Z can be defined for Regionswhile the others are kept constant. One can seethahanges
Il and IIl, where the Airy solutions are labeled Wy, b2)  significantly only if the rings are small, and thatis typically
and (a3, bs), respectively. The coefficients’s and b's are |ess than 0.3um for single-transverse-mode waveguides at
then found by matching boundary conditions at the tw® — 1.55 ;m. As the width increases, many more radial modes
interfacesZ,> (corresponding ta: = w;) and Zis(u = u2). can exist, each having a different, curve.
The boundary conditions refer to the continuities f6fand To illustrate the radial eigenfunctions F|g 8 shows the
dF/du = (d;/1;)dF/dZ;(i = 1,2,3). The final result can be intensity profiles |F;(r)|? of the four radial modeg! =
expressed as a matrix equation relating the field amplitudes;, 2, 3) supported in a microring waveguide with a width

on both sides of the waveguide of 0.9 um and a radius of 3:m. The indicated values of
a3 My, My as R, give the positions of the “center of gravity” of these
|:b3:| = [le MQJ [bJ' (14) modes. Let us consider first the high-order modes. These

he e | . hen d ined by the oh modes tend to be more concentrated near the inner edge of
The eigenvalue equations are then determined by the p ysm waveguide, implying that the radial propagation of these

requirement th_at the wavefuncti.or!s decay away frgm "¥odes is slower near the inner edge. This fact can be deduced
waveguide. This leads to two distinct cases, with dlﬁere%m Fig. 6(c), which shows that? decreases as the inner
elgenval_ue equatlon_s. . . . edgeu; is approached. Next, we consider the low-order modes
.Case y .AS shpwn in part (i) of Fig. 6(c), the behgwor of thesuch asF, and F;. The centroids of these modes are shifted
Airy functions dictates thab, = a3 = 0, and the eigenvalue .4 the outer edge of the waveguide, as shown by the fact

equation Is that Ry > (Ry + Rz)/2 = 2.55 um. In fact, F, changes
M =0 (15) slowly to a microdisk-likewhispering gallerymode as the
where waveguide width is increased. The transition from microring
1 . y y . mode to microdisk mode is illustrated in Fig. 9, which depicts
My = 5{[AdZ13)B1(Zs) — At (Z13) Bi( Z3)] the normalized intensity profile of, as the width of the
X [Ai(Z2)Bi' (Z12) — Ai'(Z2)Bi(Z1)] vyavegl:jid_te is in_c;_reaseo(lj. No';t_el this hardly tohuchesdthe irlmer
. y y . rim, and its position and profile remain unchanged, as long as
+[BiZ13)Bi(Zs) — B (Z15) Bi( Z3)] w > 0.6 um. As the width is increased, the effective index
x [Ai'(Z2) Ai(Z12) — Ai(Z2)Ad (Z12)]} (k2) increases and moves up into the triangular region of the
Case ii: As shown in part (ii) of Fig. 6(c), in this Case“potential” inside fche waveguide [see insets]. Orkﬁés_ins?de.
as = az = 0, and the eigenvalue equation is the triangular region, the eigenmode sees a potential similar to
that in a microdisk, and therefore is guided in the same way.
Mi»=0 (16)
B. Resonance Wavelength and Free Spectral Range
where

1 Nanoscale waveguides display significant dispersion and
Mz = 5{[Ai(Z13)Bi’(Z3) — Ai'(Z13)Bi( Z3)] because the resonance modes for the small ring waveguides are
g ” _nu g spaced far apart, the effective index will be different at each
% [Bf(ZQ)BL SZU) B%/(ZQ)BL<Z12)] resonance wavelength. Over a small wavelength range, the
+ [Bi(Z13) Bi'(Z3) — Bi'(Z13) Bi(Z3)] material index dispersion may be neglected in the calculation
X [Bi'(Z2) Ai(Z12) — Bi(Z2)Ai'(Z12)]}. of n,. A typical result around\ = 1.55 pm is shown in
g;. 10(a). It shows that,, is essentially a linear, decreasing

The primes in these equations denote first derivatives of tunction of the wavelength, with a slope dependent somewhat

Airy functlons with respect tau. Although.stnctly speaking on. the width w. Using these linear functionsh can be
the eigenstates are not bound, the decay time of these states a{e . . .
determined in terms of the azimuthal mode numberfor

so long that they can be considered as quasistationary Statgﬁ/'en n. w and R, according to (10). These are shown

in Fig. 10(b) where several important results can be noted.
First, for a fixed R,, as the waveguide width decreases,
each resonance is shifted toward shorter wavelength or higher
frequency. Secondly, the wavelength decreases with the mode

The solutions to (15) or (16) yield the eigen-indeXes) number, and the wavelength spacing, or FSR, decreases as the
and eigenfunctions of all the ring waveguide modes. Theavelength decreases. This behavior agrees with experimental
effective indexn,, in a microring waveguide is a functionobservations [4].

I1l. RESULTS AND DISCUSSIONS

A. Effective Indexes and Radial Wavefunctions
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Fig. 7. While keeping the other parameters constant, these figures show how the effective.jndegends on (aj., which is linked to the waveguide
thickness (d) through Fig. 4, (b) the ring radifts (for variousn.), and (c) the waveguide widtty, showing hown, varies with the radial wavefunctions.

In Table I, the wavelengths and the FSR for major resend the coupling length available. A larger gap is desirable as
nances around 1.5@m in a ring resonator with the parametersét increases the fabrication tolerance. For a given coupling
w = 0.3 um, Ry = 2.5 ym, andd = 0.45 um, are listed and coefficient, the gap size can be enlarged if the coupling
compared with those calculated using the FDTD numericdistance is increased. The coupling distance can be increased
simulations [5]. The good agreement between the two séig using several configurations. A vertical resonant coupling
of results gives us confidence that our method is reasonabfnfiguration is discussed in Section IlI-F. Tvpdanar con-
accurate. For the pm diameter resonators, we note that théigurations, as shown in Fig. 11, are discussed here. The
FSR can be as large as 50 nm (6 THz), sufficient to coverore obvious one is the “racetrack” configuration, where the
the entire 30-nm Erbium amplifier bandwidth. The extremelyoupling distance is approximately the length of the straight
large FSR represents one of the advantages of nano-photagctions, which are tangential to the semicircular arcs at both
semiconductor microcavity resonators. ends. At the transitions between the curved and the straight

sections, the mode will change adiabatically between the radial
) _ i mode in a curved waveguide and the normal mode in a straight
C. Resonant Waveguide Coupling and Coupling Factor ayeguide. As the straight sections are lengthened the radius

In a waveguide-coupled microring resonator, the coupliraf the curved sections must be reduced if the total cavity length

gap size is determined by the amount of coupling requirésl to remain constant.
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Fig. 9. Normalized intensity profile of the lowest order radial mode in a
r (Hm) microring as the width of the waveguide is increased from Q:fibto 1.5

um. The two insets show the “potential” profiles and positions of the effective
) whenw = 0.3 pgm andw = 0.6 pm, respectively.

I |

1.75 2 2.25 2.5 2.75 3 3.25 3.5

/ . s
Fig. 8. Intensity profiles (in real space) of the four radial modes supportdifiex eigenvaluesk;,
in a microring waveguide with a width of 08m and a radius of 3m. The

R values give the positions of the centroids of these modes. . . . .
0.2 um) in the case shown. The matching combinations of

(w1, w) are displayed in Fig. 12(b) for two cases of different

Fig. 11(b) shows the alternative configuration where thedii and gap spacings. Note that the inner waveguide, which
microring is coupled to a parallel curved waveguide over g required to have a larger value of, will always be wider
significant part of the circumference. Note that the physiceilan the outer waveguide becausggeis an increasing function
pathlengths in the concentric coupled sections in the tvad w [see Fig. 7(c)].
waveguides are different. In other words, if the coupled The coupling coefficien{ K') between two parallel waveg-
waveguides are identical, the propagating wavefronts in tbéles, in the weak coupling limit applicable in most cases, is
two waveguides will in general be out of phase(by, R.z2— given by [16]
ny1Rem1 )¢ after traveling an angle af. Therefore, to maintain KoY (1|Ae[2) W2 " 1A 1]A¢%)2)
phase matching, the two waveguides mustifferentin such T YY" el4) = 7/
a way thatn,  Reg1 = n.2Rege. This can be achieved by LVAILER) 2 Vb 2Vhorkoy
varying the width of the outer waveguide. Fig. 12(a) shows (17)
the productn,R.g as a function ofw, for two concentric where <1| and <2| denote the radial modes in waveguide 1
waveguides spaced 0,8m apart. We see that it is possibleand 2, respectively,; andk.,; are their propagation vectors,
to match the optical pathlengths by choosing a suitable comze is the dielectric perturbation anfig? is the perturbation in
bination (w;, ws) for the two waveguides, such as (Q#n, ¢? [cf., (3)] due to the presence of the other waveguide. In the
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Fig. 10. (a) Effective index of the microring waveguide as a function of
wavelength (in the vicinity of 1..xm) for two different waveguide widths. (b) (b)
The resonance wavelengths and the corresponding azimuthal mode nump%_sll_ Twoplanar geometries for resonant coupling that may give a larger
(m). coupling length: (a) the “race-track” configuration and (b) a microring coupled

to parallel curved waveguides. Notice the outer waveguide is narrower than
. . . . the inner waveguide.
case of resonant coupling, since the coupled eigenmodes in the

concentric ring waveguides are moving in phase, the coupling

coefficient between them can be calculated in exactly the saffehe outer waveguide has to be modified somewhat in order

way as for parallel straight waveguides. (The ring nature & maintain phase matching with the inner waveguide is

the waveguides is built into the radial wavefunctions.) assumed fixed). Oncé is determined, the coupling factor
The coupling coefficients are a function of wavelength. ThE., or the fractional power coupled from one waveguide to

results for\ = 1.55 um are shown in Fig. 13 as a function ofanother after a length is given bysin®(K1). Fig. 14 gives

gap spacing. Note that as the gap spacing is changed, the willthin the weak coupling limit, for various coupling lengths
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Fig. 13. The coupling coefficient (imm—1) between two resonant con-
centric ring waveguides as a function of their gap spacing, and the corre-
sponding width(ws: ) required of the outer waveguide in order to maintain
phase-matching. The inner waveguide has a fixed width) and radius
(Ri12).

wider than the 0.ksm gap currently used in the tangential
waveguide structure [4]. Although the fabrication tolerance
for the 0.3um gap is still small, it is not as stringent as for
the 0.1um case. For larger microring resonators, the gap will
be even larger and the coupling coefficient will be much less
sensitive to small variations in the gap size.

D. Radiation Loss

The radial field decays as it exits the ring edge until the
outer index grows exponentially and becomes greater than the
azimuthal indexn,. At this point, k,(«) becomes real, and
the field begins to propagate once again. This propagation of
the radial field is a nonresonant coupling of the field to the
outer high-index region and constitutes the radiative bending
loss. The value of the field intensity at this point where the
decaying field begins to propagate is analogous to solving

while the outer ring has an inner radi(&., ) of 5.4 um. The phase-matched for the tunneling of light through a lossy barrier, and can

pair (w1, w2) is joined by a horizontal line. (b) Matching combinations of,
w; andws for two cases with different values of radius and gap spacing.

and gap sizes. It can be used to design the gap size

be calculated in a similar fashion to the quantum mechanical
tunneling (such as the alpha-particle emission from a nucleus).
In the WKB approximation, the transmission coefficigfit)
ambugh the barrier (the region from to u,) is given by [17]

coupling length required to achieve a desired coupling factor. ,
The coupling factor should be larger than the scattering loss per T exp<_2 /uo ) du) .

round trip, which is typically 1-2%. In the parallel coupling

uz

scheme, the coupling length is typically limited to a quadrant,

S0l ~ wRg1/2 < 5 pm (for Regy ~ 3 pm). With this

coupling length, a coupling factor of 1-2% can be achieved

with a coupling gap between 0.3 and Q#h, or 3—4 times

where

() = \/12 — (k3 — B2(w)) exp(2u/Rer)  (19)
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'9 plot of coupling facto( /) as & function of coupling length for inset is a plot of the radial wavefunction for the caBe = 0.6 um. The

various gap sizes. T . .
gap radiation loss is less than 1% for diameters greater thaml

s the radi_al fiel_d dgcay factor outside the w_aveguide. Trﬂﬁe waveguide core is typically separated from the substrate
turning point, 1S given bg““(“") =0 [see2 F|g.26(c)]2, O by a buffer layer of thickness,, as shown in Fig. 2(a). A
“‘)h.:h(Ee“ﬂ? hl[ll?'v./(@ — k)l f: (Rerr/2) hl[”'b‘/(:? _.nz)]'f significant amount of signal attenuation in a waveguide can
which 1s an 1mp Icit equation fo sincek is a function o occur owing to leakage to the substrate if the effective index
wasn I(7)I' h d-tri diation | h of the waveguide is below the bulk index of the substrate.
Tl?‘ calculate ts rpunh-trlp ra Ia_tljon O‘ZS’ weknote that Bence, the design of the buffer layer thickness is important
making one roun -tr||_3, t € waveguide mode makes a ””thSF minimizing this leakage. A tradeoff is usually necessary
of bounces in the radial direction equal to the az'm“tha' mog)%tween a thick buffer to minimize the leakage loss and a thin
number,m = 2Ry /(Ao/n,). Thus the round trip loss is buffer to reduce the etching depth.
mT’, from which it follows that the radiation loss coefficient o leakage los&x; ) to the substrate is very similar to the
(ﬁ‘”“) IS ma/ (;WEQHL a‘;’ shown in (20) Iat thhe _tl)_ﬁttom O;cradiation loss of a curved waveguide, and can be calculated
the page Where,, 1S t_e ree-space wave ength. ne resgﬁ exactly the same way using the tunneling picture. For the
for fing waveguides with various diameters and a fixed W'd_ se where the buffer layer is etched only partially through,
and_ thlckness are shown in Fig. 15'. Note that the bend"aﬂfraction from the mesa into the unetched buffer can also be
radiation loss is less than 1% for diameters greater than.l cijered in a similar way. In the case of vertical leakage
/ﬁ.‘“’kb“‘ mprgases exgor;]entla:jll_y pe'ol"" thaFI.I Itf tf|1e Wa\éeguufﬁe TM polarization is expected to experience greater leakage
thickness Is decreased, the radiation loss will be larger becaysgs e 1o the larger extent of the electric field in the vertical

first, n, is smaller, lowering the tunneling barrier, and secongy g -tjqp (For similar reason, the TE modes will suffer greater

the increased diffraction effect brings the external high'ind‘?éteral leakage loss.) A narrow waveguide is also expected

region closer to the edge of the waveguide, thereby increas%ghave a larger substrate leakage loss because its effective

the tunneling probability. index is lower. In Fig. 16(a)y, is calculated as a function of
buffer thickness for a 0.m wide waveguide with a fixed

E. Substrate Leakage Loss core thickness of 0.5um. Note that a fairly thick buffer

Energy in a waveguide can be lost not only laterally buyt, > 1 um) is required for reasonably small leakage loss.
also vertically into the substrate. For a Type | waveguid@he index contrastn; —n.) should be increased if a smaller

Orad = %exp(—Q/ ’ \/kf — (k% — kg(u)) exp(2u/Regr) du) (20)
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Fig. 17. Schematic of the vertical coupling geometry, showing the vertical

. stack structure with the ring waveguide (WG1) sitting atop the lower coupling
Buffer Thickness tz (Hm) waveguides (WG2). The separation layer determines the coupling coefficient.
(@)
7 waveguide is the coupling waveguide, and the material outside
—e— TE the ring waveguide area is etched away to leave only the input
6 —u— TM and output waveguides. The deep etching required to form
5 such a vertical structure with low loss is not difficult as there
w=0.5pm are no small gaps to worry about. In this structure, the coupling
4
3
2

. between the waveguides is in the vertical direction. The cou-
pling mechanism is similar to substrate leakage loss discussed
in the previous section, except the coupling is phase-matched.
N The main advantage is that the coupling coefficient can be
controlled accurately during the epitaxial growth process as
14 ] .jj it is determined primarily by the thickness of the separation
0 , 1 1 - I , layer, independent of surface scattering or edge diffraction.
Since there is no phase mismatch due to path difference, the
00 02 04 06 08 1.0 . . . . . .
interaction length is the maximum possible. Furthermore, it
Waveguide Thickness d (m) is relatively easy to make electrical contact to such a device.
b Direct electrooptic modulation of the coupling coefficient can
() be achieved by doping the upper waveguidigpe, the lower
Fig. 16. (a) Substrate leakage loss as a function of the buffer thickngss aveguide n-type, and the separation layer undoped, and
for TE and TM modes. (b) Substrate leakage loss as a function of wavegch\{e : T !
thickness, subject to the constraint thia#- 2 = 2 gm. A broad minimum applylng an electric field across the undoDed separation |ayer
occurs around! = 0.6 pm. [18]. Alternatively, if electro-optic modulation of the reso-
nance frequency is desired, then the ring waveguide should be
ug&ioped and the electric field is applied across it. Despite these

Leakage Loss (cm™)

buffer thickness is desired. In cases where one is constrairae d antaces. however. a maior difficulty with this structure is
to a fixed etching depth, the core and buffer thicknesses ges, ' J y

not independent, and should be optimized together to yij}[a‘eir_]tegrability with other de\{ices. F_urther investigation of the
o . . vertical coupling structure will be given elsewhere.

the minimum leakage loss. As an example, Fig. 16(b) gives
the leakage loss as a function of the waveguide thick(ess
under the constrainf+¢; = 2 xm. A broad minimum occurs
aroundd = 0.6 um. For very thin waveguides, the leakage In summary, we have discussed the design of a number
loss increases because of the weak confinement. of important parameters, including the resonance wavelength,
the effective ring radius(R.¢), the coupling factor(F.),
the bending radiation los&x,.q) and the substrate leakage

] ) ) ) ) loss («p,), all of which are important to the operation of
The lateral coupling geometries discussed in Section I1I-8 waveguide-coupled microring resonator. As an example,
suffer from several disadvantages. First, in terms of fabricgssider the resonatdinesse ¥ (the ratio of FSR to the
tion, the small gap width is difficult to control. Secondlyyanqgwidth) or the) factor (the ratio of the absolute frequency
without phase maiching, the coupling length is very shog, yhe pandwidth). These two parameters are both important

To overcome these difficulties, a novel alternative is to US$Ehen one is interested in both the FSR and the bandwidth.
the vertical coupling geometry, as shown schematically Wey are related by

Fig. 17. This is basically a stack structure in which two
identical waveguide layers are grown epitaxially one on top of - - -
another. The epiwafer is processed in such away thatthe lower ¥ Avpsk  Adpsk  Am — Am1

IV. SUMMARY

F. Vertical Resonant Coupling

Unl A m Arn

Zm (21)
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Fig. 18. (a) The finesse, and (b) thefactor, of the microring resonator as P, (i.e., K; not equal toK>) will decrease the finesse, as

a function of the ring radius for varying scattering loss coefficients, assumi
a coupling factor of 1%. A peak in finesse occurs at the optimal radius

about 1pum.

Using this relation, th&} factor may be written in a form that
shows explicitly its dependence on all the parameters discus

above

Q=

27, Rog
A'nl

. 7(r1r2)Y 2 exp[—(vs + pad + arp + - - )T Ret /2]

1- (7)17)2) eXP[—(as + Qpad +Of + - ')WReff]

(22)
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a=3cm” Peq=Pe, = 0.01
] s — Fe17Fe2— Y- [
300 ] _ PC1=PCZ =0.02 0
J _—- PC1='01'PCZ='05 L
250 -
@® 200 - R
m L
71 B
(] L
£ 1 -
iC 150 -
100 o f- e e F
50 C
0+ | — : .
0 10 20 30

Diameter (um)

Fig. 19. The finesse of the microring resonator as a function of diameter,-
as the coupling factor®.; and P., are varied.

wherer; andr, are the reflectivities, given byl — P,)/2 =
cos(K »l) at each waveguide-to-ring coupling poidt{, are

the coupling coefficients at these points). The loss terms in the
exponent may include other losses such as absorptiondgss.
the surface scattering loss in the cavity, is not considered in
our model but may yet be the dominant source of loss. Fig. 18
shows both the finesse and thefor a case of fixedP. = 0.01

and varying scattering loss coefficient, = 1,3, and5 cm™ 1.

In each case the finesse shows a maximum “turning point” at
an optimal diameter of about 2m. The finesse decreases
for larger diameters because of increasing scattering loss, and
decreases for smaller diameters because of increasing radiative
bending loss. On the other han€, shows no such turning
point in the range shown because the factorin (22) is a
monotonically increasing function of the ring diameter at a
fixed wavelength. The maximum finesse at the turning point is
limited by the 1-% waveguide-to-cavity coupling. If there was
zero coupling and the scattering loss was also zero, then the
finesse would increase indefinitely with the ring radius. On the
other hand, an increase . or an introduction of unbalanced

%‘?mwn in Fig. 19. The control aoF,, via accurate control of
the gap size, can be achieved by nanofabrication technology
as has been demonstrated for both GaAs and InP materials [4].
With the gap-enhancing designs proposed above, this control
may be more reliably achieved. On the other hand, a good way
0 Switch the resonator off is to electrooptically unbalance it so
that the input coupling is different from the output coupling,
analogous to the transmission of a Fabry—Perot resonator
where front and back mirrors are not identical.

The conformal transformation method at the core of our
model gives a good physical picture of the guiding and
radiation mechanism in the microring cavity. Much of the
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increasing the coupling length, and hence the coupling gap emission factor for microdisk lasers via the approximation of whispering
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. . . . s . [9] The multi-grid finite difference solution was performed witlelene Pro
coupling coefficient is built into the material growth process.™ ¢ "ba\ *s tware, Enschede, The Netherlands.

The resonant coupling between two waveguides with differepb] M. Heiblum and J. H. Harris, “Analysis of curved optical waveguides
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