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Coupled-Mode Analysis of Highly Asymmetric
Directional Couplers With Periodic Perturbation

B.-H. V. Borges and P. R. Herczfeldellow, IEEE

Abstract—This paper presents an in-depth analysis of highly =~ The analysis contained in this paper considers a different
asymmetric grating assisted directional couplers. The directional approach. A polymeric waveguide, with refractive indices
coupler consists of a polymer waveguide with dimensions and and thicknesses approximating a single-mode optical fiber,

refractive indices closely matching a single-mode fiber fabricated . .
atop a Ga ¢Aly 4As/GaAs/Ga 1Al sAs waveguide. The struc- 'S fabricated atop a GaAlo.4As/GaAs/Gg.4AlocAs asym-

ture is investigated analytically by means of a new orthogonal Metric waveguide. Light from a single-mode fiber is coupled
coupled-mode theory formulated in terms of the Lorentz reci- initially into the polymer waveguide and then transferred to the

prOCIIy theorem. For.the first time, the analysis includes three semiconductor guide_ The phase mismatch between po'ymer
distinct loss mechanisms, namely, the leakage of power toward , 4 semiconductor modes is compensated by a diffraction
the semiconductor substrate, the power lost to radiation modes . . .
(mode mismatching), and the grating radiation loss. grating patterned at the interface between polymer and semi-
conductor upper clad. The objective in this study is to provide
leaky 2 petter understanding of the loss mechanisms involved when
coupling light between two very dissimilar waveguides. The
high refractive index step between polymér = 1.56)
l. INTRODUCTION and semiconductor guidén = 3.4092) results in a sig-
OUPLING from single-mode fibers to rectangulafificant leakage toward the semiconductor substrate which

waveguides has been the subject of investigation fBISt be considered. Since the configuration is a directional
many years. The reason lies in the fact that a significagfupler, the natural approach consists of finding a coupled-
amount of power is lost as these two waveguides are coupl@@de formulation capable of handling very large refractive
to each other. The main loss mechanisms in fiber to rectangul#€x steps and excessive losses, which requires an orthog-
waveguide coupling are the Fresnel reflections, due to tABal coupled-mode formulation. Nonorthogonal approaches
impedance mismatching at fiber/waveguide interface, and tkelate polymer and semiconductor waveguides and, therefore,
discrepancy between the fiber (cylindrical) and waveguidiscount leakage loss.
(rectangular) geometry. Therefore, it is not surprising that To investigate these devices, different approaches for the
numerous ideas have proliferated in the literature regardiggergy transfer mechanism have been proposed. Lee [3] and
structures that yield the lowest insertion loss. The most natufaliffel et al. [4] used a nonorthogonal coupled-mode for-
approach for the problem consists of utilizing waveguides witiiulation based on reciprocity theorem for grating assisted
dimensions and refractive indices closely matching a singléirectional couplers. Nonorthogonal approaches represent the
mode fiber. This has been investigated by Hameteal. [1] modes of the compound structure as a linear combination
who utilized a polished single-mode fibér ~ 1.5) grating of the modes of the individual waveguides. A very simple
coupled to a LiNRTa;_,O5 (n ~ 2.2). Coupling efficiency coupled-mode approach was presented by Giteal. [5] for
of 6% was observed with this configuration. The low couplingeakly coupled waveguides and weak perturbations. Donnelly
efficiency is attributed to the leakage of power from thf5], Huang [7], [8], and Hong [9] utilized a more general analy-
upper waveguide toward the higher refractive index substragés in which cross-power terms were introduced to account for
Recently, Suret al. [2] have investigated highly asymmetricthe nonorthogonality of the guided modes. Haus [10], [11] and
couplers for application in wavelength-division-multiplexed.ittle [12] have adopted variational analysis to obtain coupled-
(WDM) sources, consisting of a WDM laser integrated witinode equations accounting for cross-power terms. Although
silica glass waveguide to facilitate the coupling to a singlétonorthogonal approach reduces the algebra involved in the
mode fiber. The structure was analyzed in terms of Floguermalism, it does not provide good information about the
theory. necessary length for optimum power transfer.
A more precise coupled-mode analysis requires the solution
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y 1 asymmetric GaAlAs/GaAs single-mode waveguide epitaxially
K " K n, A grown on annt-GaAs substrate. The GaAlggAs lower
clad (n = 3.0987) is sufficiently thick to isolate the optical

field from the lossy substrate. The top clad is comprised of a
12 0.887um-thick Gg gAlo.4As (n = 3.1989) layer. The 0.32-
pm-thick GaAs waveguide, sandwiched between the GaAlAs
// s clads, consists of a 0.16m of p-GaAs and 0.16pm of
u@ o n-GaAs layers which form g-n junction [18], [19]. This
2 very thin waveguide layer with the built-in junction exploits
0 ng the linear and quadratic electro-optic effects, as well as the
plasma, band filling, and band shrinkage effects to yield a
@) high figure of merit for index modulation. This structure has
been successfully fabricated as an integrated optic modulator
operating at a wavelength of 1,@n. The pertinent parameters
utilized in this structure are; = 1.54, no = 1.56, nz = 1.54,
> ng = 3.1989, ny; = 3.4092, andng = 3.0987 for the refractive

Fiber

-
-

indices, andt; = oo, to = 2.5 um, t3 = 1.0 um, £, = 0.5 um,
Laser t; = 0.32 um, andtg = oo for the thicknesses, respectively.
ny Z The polymeric waveguide atop the GaAlAs upper clad

S I R S | is fabricated with commercially available materials, such as

D) DR Norland 61,68- The fabrication process begins by dispensing a
& polymer onto the spinning semiconductor structure to produce
a 1.0uum-thick layer (n = 1.54), and later curing it with
(b) UV light. Next, another layer of polymeric material with a

Fig. 1. Highly asymmetric directional coupler consisting of a polymerefractive index of 1.56 is spin deposited atop the previous

waveguide atop a semiconductor waveguide. The phase matching betww@r to form a 2.5um-thick |ayer_ Finally another |ayer of
polymer and semiconductor modes is provided by a diffraction grating locate ’

on the interface between polymer lower clad and semiconductor upper clR@lYMer (n = 1.54) is spin dispensed onto the structure and
(a) Polymer waveguide excited by a single-mode fiber. (b) SemiconducidV cured to create the upper clad [20].
waveguide excited by a semiconductor laser.

Ill. ORTHOGONAL COUPLED-MODE FORMULATION
ion-exchanged channel waveguides. Marcuse [15], [16] hasrpis section is concerned with the coupled-mode formula-
developed an orthogonal coupled—mode formulatlo_n based @}, utilized in the analysis of the highly asymmetric coupler
expansion in terms of ideal waveguide modes. This approaghrig 2. Two important factors need to be considered: the
produces excellent results as long as the grating perturbatmymer mode distribution is strongly affected by the presence
Is weak. _ of the semiconductor and a strong leakage of power from the

This paper introduces an extended coupled-mode approaefymer toward the semiconductor material will occur. These
which is formulated in terms of the Lorentz reciprocity thegfects are due to the large refractive index step between the
orem. The Lorentz reciprocity theorem is desirable since jhymer and the semiconductor and necessitate an orthogonal
can be applied to media with either gain or loss [4], [17]. Th@oupled-mode approach. The derivation will be based on
coupled-mode equations are described in terms of the modegff coupled-mode formulation presented in [4] and [17]
the compound structure and, therefore, are orthogonal. ThtgRcifically on the integral form of the Lorentz reciprocity
major loss mechanisms are included in the analysis for thesorem which can be applied to media with either gain or

first time. These are: 1) radiation modes; 2) leaky modes; ajls |t states that any two electromagnetic fields satisfying

3) grating radiation loss. _ _ Maxwell’s equations and associated boundary conditions obey
This paper is organized as follows. Section Il describgge relation

the highly asymmetric directional coupler investigated in thisa

paper. Sections Il and IV give the theoretical background uti-— //[E(l) x H2) = E@ x HV]. 2 dz dy

lized in this work. Section V introduces the loss mechanism&?

included in the analysis. A numerical analysis is provided in — W //[5(2)(37,3;, 2)—eW(z,y, )| ED - E® dz dy.
Section VI. Section VII presents some concluding remarks. o

Il. THE PROPOSEDSYSTEM In highly asymmetric couplers, the concept of symmetric

The cross section of the baseline IlI-V structures adoptgadd asymmetn;: motqe”S IIS not Igng_(tar: appr?ri)nate, smcel these
for the simulations are depicted in Fig. 1. In Fig. 1(a), asinglg—]o es are preferentially located either in theé upper or lower

mode fiber is utilized as excitation for the polymer waveguidg!ab’.rteSpe_I(ft'Vebé' A m(_)rs ft'tttmg geflnmccj)n fo_r”t]heze _mo?es 'Sf
while in Fig. 1(b) a monolithically integrated semiconductof4a!-oP (T) and quasi-bottom (B) modes. The derivation o

laser excites the semiconductor waveguide. Both consist of afNorland Products, Inc., New Brunswick, NJ, USA.
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Fig. 2. Asymmetric coupled waveguide system. (a) Not phase matched. (b) and (c) Phase matched with a diffraction grating.

the coupled-mode formulation is accomplished in two steps,The second term in (4) is the Fourier expansion of the

and for each step two sets of solutions, unperturbed aperiodic perturbation, withf(z) = (2/7)cos(2rz/A) and

perturbed, have to be provided. An? = n? —nf_; (j = 2,3,---,N). Equation (5) is the
Step 1: Let the fieldsE? and H® and the permittivity transverse component of the perturbed field. The longitudinal

e represent an unperturbed multilayer structure, i.e., camponents are obtained via Maxwell equations as follows:

structure with no variation along the longitudinal direction

Since we are concerned with asymmetric directional couplers, E = _ivt xH, H. = .in x E,.

the energy exchange between guides is insignificant. Assume we Wi

that the unperturbed mode fields can be represented by

e .
guasi-top (T) mode solution of the multilayer waveguide Jrhherefore, the total perturbed fields become

EW(z,y,2)
e (z,y,2) =e(z,y) ()

(2 (2
~ - . ) - = o - = -
ED (g, y,2) =(El — 3ET)e~ 1% = a(2) <EtT+Z XG] E;) +0(z) <EtB+Z -0 Ef)
H® (2,y,2) = (- H +2H)e™7. 3) (6)
AV (z,y,2)
Now let the fields£™) and H(") and the permittivitys (") — a()(HE +3(AY)+b(2) (AP +2HP). 7)

represent a perturbed multilayer structure, whose perturbation

is provided by a diffraction grating. Because of the gratingpstituting (2)—(4), (6), and (7) into (1) results (after some
perturbation, the fields of the directional coupler are now ablgyepraic manipulation) in an expression f):

to exchange energy as they propagate alengherefore, the

perturbed fields have to be represented by a linear combination  da(z)

of quasi-topand quasi-bottom field solutions withrdependent “dz ilfr + Krr f(2)|a(z) +iKpr f(2)b(z)  (8)
amplitudes
where the coupling coefficiedt,,,,, (m,n = B, T) is given by
1 — 2
i(l) (37, Y, Z) —5(‘777 y_? + EOATL_’f(Z) (4) K _ CUEOATLQ E’m En 5(2) E’m En
Et (.’L’,y,Z) ICL(Z)EtT +b(z)EtB mn 4 [ E z "tz dﬂ?d%

AV (x,y,2) = a(z)HE +b(z)HE. 5) m,n=T,B. (9)
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Step 2: As before, let the fieldsZ® and H® and the K,., (m,n = T,B) are also real, and the optical power
permittivity (2) represent again an unperturbed multilayeassociated with the fields is
structure, and assume the unperturbed mode fields can be

represented by the quasi-bottom (B) modes P(z)=1 R(//[|a(z)|25f x HY 4 a(2)b* (2)EF
e®(x,y,2) =¢(z,y) (10) x HP" +a*(2)b(z)EP x H}"
E®(2,y,2) =(EP = 2E0)e0w2

- . 2o + |b(2)PEP x ﬁB*])) tdzdy  (20)
A (z,y,2) =(-HP + 20P)e=%. (1) P
where we used (5). Equation (20) can be simplified with the

Assume the same perturbed solution as in Step 1 S
help of the overlapping integral

1) — 2
e Na,y,z) =e(x,y) + e,An" f(z (12) . .
( ) ( ) 5(2)( ) Cnln:% //EtnXHtrnédxdyv m,n:T,B (21)
B (e =ala)(BF + 2 5 Y )
3
(2) where Crr =Cgp =1 and Crgp = Cgr = 0. Expanding
+b(2) <Ef +3 % Ef) (13) (20) and making use of (21) results in the following:
3
HO(2,y, 2) =a()(HY + 2HY) + b(2)(HE + 2HP). (14) P(z) = |a(2)]? + [b(2)[*.
Substituting (10)—(14) into (1) results in a first-order derivativBOWer COHS?rVE}tion requirdd/dz)P(z) = 0, which results
equation forb(z) in the following:
db(z) Kpr — Kpp =0. (22)

da = iKTBf(Z)a(Z) + L[ﬁB + KBBf(Z)]b(Z). (15)
) Equation (22) is completely satisfied by this orthogonal

The coupling coefficientd{;5 and Kgp are defined as in coupled-mode formulation.

(9). The effect of the losses can be readily visualized in (8)

and (15) if one allows the propagation constafifsg to be

: V. LosSs MECHANISMS
complex, i.e.,

The analytical tools necessary to calculate the individual
By = pr —iar B =fp —iap (16) loss terms are developed next. Three important loss mech-
anisms are considered in this section, namely, leakage loss,
where then's represent propagation losses. Before substitutitigdiation modes, and grating radiation loss.
(16) in the coupled equations (8) and (15), one must realize that
the field amplitudes:(z) andb(z) are rapid varying functions A |eakage Loss
of z. These rapid oscillations can be eliminated by introducing

. . A waveguide fabricated with low refractive index materials
slowly varying amplitudes, such that

(such as polymer) fabricated atop a high index material (such
a(z) = A(z)ei(,aTerT)z b(z) = B(z)ei(f"B““B)Z. 17) as sem|condgctor) _acts asa Iegky guide. Thls Ieakage of power
toward the higher index material results in attenuation repre-

Substituting (16) and (17) into (8) and (15) results in thaented by a complex propagation constant. More specifically,
the rate of power leaked is identified by the imaginary part of

following: . ) ' '
the propagation constant which can be obtained via a transfer
dA(z) . ) ) matrix method, summarized here for completeness. A full
7 =i[Kyrf(2) — 2ar]A(z) + iKpr f(2) derivation can be found in [21].
- PB=0r)z (er—an)z B 1) (18) Considering a general multilayered pIanar.wayeguide sys-
dB(z) ‘ tem, the solution of the Helmholtz wave equation in each layer
d; = iKppf(z)ePT—Pr)ze(an—ar)z 4(4) j is given by
+i[Kppf(z) — i20]B(2). (19) Ej(z) = A;e@=1) 4 Biemu@=t)  with
Equations (18) and (19) are the coupled-mode equations v =43 - kgn?., j=1,2,3,---,N.
employed in the analysis of the highly asymmetric coupler in
Fig. 1. Since only TE modes are considered in this analysis, the fol-
lowing boundary conditions must be satisfied at each interface
IV. POWER CONSERVATION FORLOSSLESSSTRUCTURE as follows:
In a lossless structure (the transverse components of the Ej(t;) = Ej-1(t))
electric and magnetic fields and respective longitudinal propa- 9 0 L
. . f - —FE;(t;)=—E;j_1(t;), 7=12.-- N—-1.
gation constants are real quantities), the coupling coefficients oz ox
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The transfer matrix is then obtained by recursively matchirigsing the orthogonality of the fields in (25), we obtain
the electric field and its derivatives at each interface and

combining the resulting equations into a matrix form: <Ej, Z CiEi> = (26)
Al _ o [Ax ‘
B| Y \Byn Substituting (26) into the RHS of (24) gives
where (Bj(r),(r) =¢; o ci= / Ef () Y(z)dz.  (27)
N
Ty = HTJ = Ell ?2} Equation (27) represents the overlap between the guided or
j=2 i radiation modes inside the waveguide and the fiber mode, and
1 Vi e 1 Vi 0. it is considered as a measure of energy lost to radiation modes
—| 1+ == J —1 - —L }e¥% .
T — 2 Yi-1 2 Yi-1 at the input of the coupler.
T 1 1_l e~ Y% 1 1+l efi
2 Yi—1 2 Vi1 C. Grating Radiation
0; = (t; —tj—1) = 25, This section accounts for the radiation properties of gratings

i ) in asymmetric directional couplers. The analysis is an exten-

_The leakage is then calculated by solving fo1(5%) = 0  giop of the study on grating radiation in GaAs:GaAlAs lasers
via the “downhill method” [22] for the complex propaganonoy Streifer [24] to multilayer directional couplers. The wave
constants. equation for a longitudinally varying structure can be written

as

B. Radiation Modes P2 o0

Radiation modes constitute a continuum of modes which are{—2 + (kgng — /32)} En(@)=—=k3 > Em(@)An_m
not confined in the core. They are excited at the input of the
waveguide due to mode mismatch of the polymer guide and (28)
the butt coupled fiber and due to geometrical imperfection 5 5 )

ereA; = (n; — ng/qr)sin(g(n/2)), Bn = fFo + 2mn/V,

[16]. The study of these modes is complicated by the fa : . ) ’ - .
that a infinitely number can be excited. This problem ca dV'is the grating period. The Fourier coefficiedt; is

be greatly simplified if the waveguide structure is assumgcﬁﬁerem from zero msu;ie thg grating region and fp# 0,
to be bounded by metallic walls located very far away frofgd equal to zero outside, is thS aver2age ;efractlve index
the guiding structure. This artifice transforms the continuo éthe grating which is given by = n3 + n3/2. Equation

spectrum of radiation modes into a discrete and orthogonal §) can be further §|mp||f|ed if one assumes that all partial
of modes [23]. waves E,(z) are driven by the fundamental wavB,(z),

Assuming that all guided and radiation modes can ly&hmh results in a first-order perturbation equation fy(x):
obtained with this technique, these modes can then be con- { d?

m=—o<

2,2 2 _ 2
noted by E;(z), wherei = 1,2,3,---, extends over guided a2 (kong = A7) | En(2) = —kg Eo(z) An. (29)

and radiation modes. |E;(x) represents a complete set of . i )
orthogonal modes, then it constitutes a basis and, thereforel Ne RHS of (29) is equal to zero outside the grating layer

the field of the optical fiber can be written as and also forg = 0, which allows us to write the solution in
terms of homogeneous ordinary differential equations. This is
P(z) = ZciEi(x) (23) no longer true in the grating region since the RHS becomes
i different from zero(q # 0). Since the grating layer is assumed

here thee. . Hicients. To obtain th homogeneous, the six-layer structure is now converted into a
where thec; 'S aré expansion coetficients. 10 obtain the pOWeé’even-layer structure, as shown in Fig. 3. The thickness of the

distribution in all modes (guided_ and rad_ia_ltion) inside th ew layer is given by the grating height and the refractive
rectangular structure, the expansion coefficients must be dex by the average index, Forn = 0, the RHS of (29) is

termined. To do so, multiply (23) b¥(x) and integrate zero, sofjy is calculated by solvinget (@) = 0, as shown in
the Appendix. Oncél, is calculateds3,, (—oo < n < oo, n #
(Ej(z),¢(z)) = <EJ($)72 CiEi(-T)> (24) 0) is obtained according to
Z /3n:/30+n2—7r, n=0,£1,4+2,4£3,--.
where (E;,¢) = [ Ef da. A
The right-hand side (RHS) of (24) may be expanded:  whereA is the grating period. The power lost by each partial
wave E,, (z) is calculated via a Poynting vector, which gives

<Ej’ZCiEi> :cl(Ej7E1)+62(Ej7E2)+"' 1

2w
+ (B, B+t en(Ej Bn) + - 2 )

P, = R{\/k3n? — B2|E.(—=ta — t3)?
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t4 Npolymer upper clad
Y
3
A o Npolymer guide
\
3 Npolymer clad
—*
’ ta Ngrating z
A X
5 NGaAlAs upper clad
3
! 6 NGaAs guide
Y
t7
NGaAlAs lower clad

Metallic Walli

Fig. 3. Longitudinal cross section of the asymmetric coupler. The diffraction grating is substituted by an homogeneous layer with refractive index
nZ = nZ + n2/2 and thickness equal to the grating height.

where the first term corresponds to the radiated power ingoating locations are also considered in this example: grating
region 1, and the second term to the radiated power inda the interfacens andn4 [Fig. 2(b)] An? = n3 — n3, and
region 7. Finally, the expression for the total radiated powerating on the interface, andng [Fig. 2(c)] An? = n3 —n3.

by the grating is given by [24] The coupling lengthL, for total transfer of energy as a
o function of the waveguide separatigh is shown in Fig. 4.
o= Z P, The results obtained with TM polarization for this structure is
ne—oo shown in Fig. 5. The agreement with the ideal mode expansion

with P, normalized in terms of the power of the fundaments _bserved for both polarizations is once again remarkable. The

mode(n = 0). Now that all the loss mechanisms are describe iscontinuity observed near~ 1.1 um (TE) ands ~ 0.9 um

we can study the performance of the coupler as a function ) is due to a zero crossing of the mode field distribution
its pertinent parameters of the asymmetric mode inside the grating region. This causes

the coupling coefficient in (21) to vanish, resulting in an
infinite coupling length [15]. This behavior is not observed in
nonorthogonal coupled-mode formulations, once the structure
To validate the theory elaborated in this paper, we utilize the analyzed in terms of the modes of isolated waveguides.
examples indicated in [15] for TE and TM polarizations. The The extended coupled-mode analysis is now applied to the
longitudinal cross section of the directional coupler is showfighly asymmetric structures depicted in Fig. 1. The objective
in Fig. 2(b) and (c), and the pertinent values for the refractive to gain some insight on how the thicknesses of the different
indices and thicknesses of the layersare= 3.20, ny = 3.25, layers of these asymmetric structures as well as the grating
ng = 3.20, ny = 3.23, andns = 3.20, d = 1.0pum, and depth act upon the loss mechanisms. Two different excitation
ds = 1.0pm. The grating depth for all examples is Quin  conditions are considered: a single-mode fiber butt coupled
and the wavelength = 1.5 um. A critical parameter in grating to the polymer waveguide [Fig. 1(a)], and of a semicon-
assisted directional couplers is the grating periodidityAs in  ductor laser monolithicaly integrated with the semiconductor
[15], the grating periodicityA = 27 /(81 — (B). waveguide [Fig. 1(b)]. The wavelength used in both cases is
Consider initially, TE polarizationf. = 0 in (21)]. Having 1.3 pm.
calculated the electric- and magnetic-field distributions for the
compound waveguide structure, we are now able to solve o ) )
the coupled-mode equations (18) and (19). This system ‘of EXcitation From a Single-Mode Fiber
ordinary differential equation is integrated using fourth- and 1) Influence of the Polymer Clad Thicknegs; In this
fifth-order Runge—Kutta formulas [23]. The initial conditionsimulation the polymer lower clad thickness is allowed
atz = 0 um are A(0) = Ap and B(0) = 0. Two different to vary from 0 to 3.0pum, while the GaAlAs upper clad

VI. NUMERICAL EXAMPLES
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20 100000 E iati i id i
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o0 o a function oftz are also shown in this figure. The propagation
g X constants in the polymer and semiconductor waveguides are
§‘ i barely affected by changes t3, thus the grating attenuation
O 10000 £ loss, on the other hand, remains reasonably constant. As the
- thickness of the polymer lower clad increases, a better overlap
: between fiber and polymer modes is attained, resulting in lower
[ Grating on lower radiation mode losses (squares), as seen in Fig. 7. The total
waveguide losses are too large to allow any significant transfer of power
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from the polymer to the semiconductor guide. The maximum

0.5 1 15 2 power transfer is 11% fofz = 2.5 zm with a coupling length

L, = 19936 pm.

2) Influence of the GaAlAs Upper Clad Thicknégs The

Fig. 5. Coupling length as a function of the waveguide separation forpange of variation fort, (from 0.5 to 1.0um) was chosen

drectonal soupler close o nchvoniam for TV polarizaton: Sold Ine fp,such a way that the semiconductor waveguide stil re-

theory. mains single mode. The substrate leakage loss (squares), the
grating radiation loss (diamonds), and the device coupling

thicknesst, is held at 0.5um. Leakage loss, as expectedlength (solid line) are shown in Fig. 8. Simulations of the

decreases with the increase tf by virtue of the smaller coupled-mode solution are plotted in Fig. 9. The power lost

penetration of the exponential tail of the polymer mode intiw radiation modes (squares), as expected, is independent of

Waveguide separation S (um)
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GaAlAs upper clad thickness;. Fig. 10. Coupled power into semiconductor waveguide versus grating depth
g with GaAlAs upper clad thickness, as a parameter. Polymer lower clad
ts = 1.5 pm.
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Fig. 9. Power transfer efficiency versus GaAlAs upper clad thickmgss Fig- 11. Leakage (diamonds), grating radiation loss (squares), and coupling
The power coupled into the semiconductor guide is shown as diamonds, $gth (solid line) versus polymer lower clad thickness
the power lost to radiation modes as squares.

GaAlAs upper clad thickness cuts the semiconductor mode
the semiconductor upper clad thickness. The maximum poweff. Therefore, no improvement in the coupling efficiency from
transfer is a mere 3.5% far, = 0.5 um. The decrease of the polymer to semiconductor waveguide can be achieved.
coupled power with increase 6f is due to the fast exponential
decay of the semiconductor field in the grating region. B. Excitation from an Integrated Semiconductor Laser

3) Influence of the Grating Depit In aLI the preceding 1) Influence of the Polymer Clad Thicknesgs As in Sec-
examples, the grating depth was fixed at 20070 investigate (jo v/|-A, the polymer lower clad is varied again from 0 to
the influence of this parameter on thg power transfer efficiengy, um while the GaAlAs upper clad, is held at 0.5.m.
of the coupler, the grating depth is allowed to vary froeakage, grating radiation, and coupling length are shown
0 to 3000A. The polymer lower clad thickness is fixed a5 function of the polymer thickness in Fig. 11. Leakage
on 1.5um. The GaAlAs clad thickness, = 0.5, 0.75, and  and grating radiation losses are calculated independently of
1.0pmis utilized as a parameter in this simulation. The powghe type of excitation and, therefore, are the same as in
transfer efficiency from polymer to semiconductor waveguidSection VI-A. The solution of the coupled-mode equations
is now calculated by solving the coupled-mode equations (1} this example is given in Fig. 12 with squares representing
and (19). The coupled power as a function of grating depth fgfe power lost to radiation modes, and diamonds the power
t3 = 1.5 pm andt, as a parameter is shown in Fig. 10. Theéransferred to the polymer waveguide. Since the semicon-
best coupling condition (10.7%) is achieved far= 0.5 um  ductor waveguide is an extension of the semiconductor laser
andg = 0.08 pm with L, = 2869.7 pm. In this example, used as excitation, the laser and waveguide modes overlap
the power coupled into the semiconductor reaches a saturation~1, drastically reducing the radiation mode loss. This
point and then starts falling again as a consequence of figure shows an opposite tendency for the coupled power if
losses. The calculations show that further reduction in tltempared to the example depicted in Fig. 7, which is caused
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by the insignificant radiation mode loss (squares) and by thgt experience leakage loss, more energy becomes available
extremely low loss experienced by the semiconductor moqg. pe transferred to the polymer waveguide. The maximum
Consequently, the polymer guide has more energy availableg@uer transfer efficiency for this configuration is 18.6% for
receive, resulting in better coupling efficiency. t, = 0.98 um with a corresponding coupling length, of

2) Influence of the GaAlAs Upper Clad Thickneéss As  7284.6 ;m.
in Section VI-A, the thickness of the GaAlAs upper clagd  3) |nfluence of the Grating Deptit In this section, the
is allowed to vary from 0.5 to 1.Qum while the thickness grating depth is allowed to vary from 0 to 3000 Again,
of the polymer lower clad; is fixed at 1.0 um. Leakage the thickness of the polymer lower clagl is held at 1.5:m
(triangles), grating radiation (diamonds), and coupling lengifhile the thickness of the GaAlAs takes three different values
(solid line) as a function ofty are shown in Fig. 13. A ¢, = 0.5, 0.75, and 1.0 zm. Coupled power as a function
discussion about these quantities is provided in Section VI-8f grating depthg for t3 = 1.5 um andt, as a parameter
The coupled-mode solution for this example is given ik shown in Fig. 15. The coupled power shows an opposite
Fig. 14, with squares representing the power lost to radiatiggndency if compared to the results obtained in Section VI-A,
modes, and diamonds the power transferred to the polymgr, more coupling is obtained for shallower gratings and
waveguide. The subtle increase of the coupled power, observieidker GaAlAs upper claddings. The best coupling efficiencies
ast4 increases, suggesting that less energy is lost along fbe the structure investigated in this section was obtained for
longitudinal direction when the semiconductor mode fielt, = 1.0 xm andg = 100 A and is 19%. The simulations show
confinement is increased. As a result, the energy stays longet the maximum coupling efficiency from semiconductor to
in the semiconductor waveguide before it transfers abruptly polymer guide is limited by the thickness of the polymer
the polymer waveguide. Since the semiconductor guide ddewer clad ¢s.
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VIl. CONCLUSIONS The RHS of (A-1) is equal to zero outside the grating layer

This paper presented an in-depth analysis of the perf@2d also forg = 0, which allows us to write the solution in
mance of highly asymmetric directional couplers. A nelgrms of homogeneous oro|nary o|ﬂ‘eront|al equations. This is
approach for describing the energy transfer mechanism ir'g l0nger true in the grating region since the RHS becomes
grating assisted directional coupler has been formulated. THifferent from zero(g # 0). Since the grating layer is

approach was derived aimed at the investigation of highﬂﬁsumed as a homogeneous layer in this analysis, the six-layer

asymmetric directional couplers, and was formulated in terf§UCture is now converted into a seven-layer structure, which
of the integral form of the Lorentz reciprocity theorem. Th& @ssumed in this derivation as bounded by metallic walls.
numerical results agree remarkably well with the ideal modd® thickness of the new layer is given by the grating height
expansion technique [15]. The resulting orthogonal techniq@8d the refractive index by = n3 + n3/2 (Fig. 3). The

is simple, robust, and very easy to implement. It can alSglution of the seven-layer structure is then written as

be extended to complex refractive index media and strongly _ 4 sk (@ + 1+ t2 + £3)],

coupled structures. The theory was then applied to a highly

asymmetric structure consisting of a polymeric waveguide —(tittz+ts) <

—(t2 +t3)

<
fabricated on top of a semiconductor waveguide. Three din2 = An2 explikn2(z + t3)] + B2 expl—ikn2(z +t3)],
ferent loss mechanisms were included in the analysis, namely, —(t2+t3) << 3
the leakage of power toward the semiconductor substraje,

a ; X = Apzexpliknar| + Bz exp[—iknax], —t3<z2<0
the power lost to radiation modes (mode mismatching), an ® ® p[, 37] 3 exp] . 1] b=
4 = Gpaexplikpaz] + Bpaexp[—ikpaz] + T (2),
0

the grating radiation loss. On the basis of this asymmet
structure, the following two distinct excitation conditions were Sz <ty
investigated: a single-mode fiber butt coupled to the polymer, s = A, 5 explik,s(z — t4)] + Bps exp[—ikns (x — t4)],

waveguide (the results obtained for this structure predict by <3 <ty+ts
a maximum coupling efficiency around 11%), and a las -,

monolithically integrated with the semiconductor waveguidd6 = “n6 expltkne(z—ts—t5)[+Bng exp[—ikne(2—t4~15)],

A great advantage of this configuration over the previous one e+t Sax<ta+1ts+ it

consists of the drastic reduction in the loss to radiation modes,; = A,,;sin[k,7(x—ts—t5—ts—1t7)],

with a significant effect on the coupling efficiency to the battstte < 1 < tyttsttottn
[ i i [ M

polymer waveguide. The simulations predicted a maximum
coupling efficiency of about 19% for very shallow gratingsThe equation forE,, corresponds to the nonhomogeneous
g ~ 100 A. This analysis will also be extended to othegolution, with 7;,(z) given by [25]

grating shapes, such as blazed gratings, which have been y y

suggested for air-to-waveguide grating assisted coupling with To(z) = —k2 (n3 —n3) sin (nf)
very promising results. kg 2

. / [Aoa exp(ikosy) + Boa exp(—tkoay)]
0

This appendix describes the propagation characteristics of -sin[kna(z — y)] dy. (A-2)
a planar waveguide coupler with periodic perturbations. Thl%e solution then continues by matching the field and its
calculation is performed via first-order perturbation analysié

which assumes that all partial wavés(x) generated by the erivatives at each interface, resulting in a determinant equa-
grating are driven by the fundamental waig(z): tion for /3,, such that} - C = T', whereQ is a 12x 12 matrix

) with the coefficients multiplying each amplitudg, andB,,, C
O (k202 = 82| Eo(z) = —k2Eo(2)A,,. A-1 is a column vector containing the amplitude coefficieAls
dz? t (kong = fn) | En() oEol() (A-1) and B,,; through A,,; and B,;, and T is a column vector

APPENDIX

[a11 Q12 Q13 0 0 0 0 0 0 0 0 0 1ran ] r 0 7
21 Q22 0423 0 0 0 0 0 0 0 0 0 Ang 0
0 azz 433 az4 ass 0 0 0 0 0 0 0 Bng 0
0 a42 A43 QA44 Q45 0 0 0 0 0 0 0 Ang 0
0 0 0 A4 Az35 A36 A57 0 0 0 0 0 Bng 0
0 0 0 a4 Qe Aee A7 0 0 0 0 0 An4 _ 0 (A-3)
0 0 0 0 0 ar7¢ Q77 ars a9 0 0 0 Bn4 b71
0 0 0 0 0 age asgy ass asgg 0 0 0 An;) bgl
0o 0 0 0 0 0 0 aps ag ao an O By 0
o 0 0 0 0 0 0 aos @9 G010 @011 0 Ang 0
0 0 0 0 0 0 0 0 0 a1110 1111 A1112 Bn(; 0

L O 0 0 0 0 0 0 0 0 a1210 1211 Qai212d _An7_ L O 4
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containing the nonhomogeneous coefficients due to the grating,
shown in (A-3), at the bottom of the previous page, where

a1l
a12

a13

a21

a22
a23
a32
a34
ass
@42

43

44 =

a66

ae7

are
arr
ars

ar9

age

as7

asgs
ag9
a9s
a99
910

a911

@108

@109

41010
1011
a1110

a1111

= Sin(/{}nltl)
= - exp(—ik‘ngtg)
= exp(iantQ)

= —i@ cos(kp1t1)
kn?

= — exp(—iknats)
= exp(iknpats)
=1, asz=1

= — exp(—iknsts)
= — exp(ikn3ts)
=1

=1

- @ eXp(—i]{}ngtg)
kn?

kr, .

= —3 exp(zkngtg)
kn?

=1

=1

=—1

=-1

1

L =—1

kn4

kn?)
kn4
kn3
= exp(—ikn4t4)
= exp(ikn4t4)
=-1

=-1

kn4
= k‘i exp(ikn4t4)

no

= - % exp(—ikn4t4)

=—1 "

=1

= exp(iknéktf))
= exp(—ik‘n;)t;))
=-1

=-1

= :—ZZ exp(i/{}n;)t;))

nd

= — Too exp(—iknstr)
=1

=1

= exp(ikneto)

= exp(—ikneto)

aii12 = sin(knrtr)

Ko .
a1210 = ZkL eXp('LknGtG)

n7
kn )
a1211 = —'Lk—G exp(—iknets)
n7
ai212 = — cos(kn7t7)
br1 = —Th(ts)
T (ts)
by =i
81 =1

The solution of (A-3) is obtained via the perturbation
technique [24], which consists of assuming that all partial
waves are driven by the fundamental componegt 0. Since
for n = 0 the RHS of (A-3) is zero, all we have to do is
calculatefy by solvingdet(@) = 0. Oncef, is calculated,
Bn (—oo < n < oo,n # 0) is obtained according to

2
B = Bo +n£, n=0,41,+2.43,-..,  (A-4)

where A is the grating period. The amplituded,; and
B,; (j = 1,2,---,7) are now easily calculated through a
simple matrix operation, i.eQ - X =Tor X =Q~* - T.
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