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Abstract—The influence of lateral carrier diffusion and surface Using a beam propagation method (BPM), this paper presents
recombination on the self-imaging properties of semiconductor- simulation results on MMls, including the two mentioned ef-
optical-amplifier-based multimode interference couplers has been fects, and demonstrates a serious degradation of the linear be-

verified by simulations using a beam propagation method. It shows . ) .
a significant degradation of the self-imaging properties of these de- havior of an SOA-based MMI. In Section I, the classical theory

vices. Buried heterostructures or deeply etched waveguide struc- Of the MMI is briefly recapitulated, with emphasis on the fun-
tures can decrease the impact when the degree of surface recombi-damental assumptions and the consequences of lateral carrier

nation is sufficiently low. diffusion and surface recombination on these assumptions. Sec-
Index Terms&iffusion, multimode interference Coup|er tion 11 eXpIainS the m0de| that was Used in our numerical Sim'

(MMI), semiconductor optical amplifier, surface recombination. ulations. Section IV shows simulation results on structures only

suffering from the lateral carrier diffusion effect. This is the

case for shallowly etched ridge waveguide structures. Section V

deals with the combination of lateral carrier diffusion and sur-
HE MULTIMODE interference coupler (MMI) has beenface recombination which comes forward in buried heterostruc-
widely used as a component or subcomponent in a largges and deeply etched ridge waveguide structures.

diversity of devices. It can be used as a switch [1] or simply as a

splitter or combiner [2]. The advantage of the MMI as compared [I. CLASSICAL THEORY OF THEMMI

to the directional coupler, which can perform analog functions, Light entering a multimodal waveguide from one of the input

lies in its robustness toward processing and in its less polariza- . . ) :
. ) . : . waveguides, excites the guided modes. These different modes
tion dependent behavior. This device has also been fabricated In ; h .

. . o each propagate with a different propagation constant and due
a semiconductor optical amplifier (SOA)-based layer structufe . :
) o . 0 the interference between all these modes, the lateral light
in several applications, e.g., high-power lasers [3], regenera'%\r/s

. INTRODUCTION

[4], [5]. and wavelength converters [6]. However, some side IStribution changes as a function of the propagated distance.

. e . . When a lateral step-refractive index profile is assumed, the lat-
fects, namely lateral carrier diffusion and surface recombina- :
) . . eral wavenumbetk,, and the propagation constagfij of the
tion, which result from the active layout, should not be neglected ; : .
in the design of SOA-based MMIs. The phenomena of Iaterl('/;ﬂh_Order mode are related by the dispersion equation [3)]
carrier diffusion and surface recombination, and their influence kj,, + 8% = k2n? 1)
on the threshold properties of lasers, have been widely studied.
These studies were mainly focussed on the modal gain chatgé

[7] and the induced antiguiding effect [8] due to these mecha- or (v+1)m

nisms. The self-imaging properties of an MMI are derived from ko = Xo and ky, = W (2)

a relationship between the propagation constants of the guided _ o ) _ )
modes resulting from the lateral step-refractive index profile ¥fheren. is the effective index of the ridgéV.; is the effective

the MMI waveguide. Therefore, it is not the absolute change ¥fdth of the waveguide including the penetration of the modes
the modal complex propagation constants that is relevant for fidhe neighboring material, ang is the wavelength in vacuum.
operation, but the relative change between the different modd@™M these equations, the following relation between the prop-
due to the effects mentioned. Perturbations on the lateral sfgtion constants can be deduced:

profile can cause a change in the relationship between the prop- - _ An, W2,
agation constants and degrade the self-imaging properties of the fo — £y =~ 3 v(v+2) with Lr= <

AR Ly 3
device significantly.
The lengthL . corresponds to the beat length of the two lowest
order modes. Based on this relationship, several self-imaging
Manuscript received October 29, 2002. The work of J. De Merlier was su&mpemes can be dedgced. However, these pro_peryes dEpend
ported by the Institute for the Promotion of Innovation by Science and Teclargely on the assumption of a lateral step refractive index pro-
nology (IWT), Flanders. , file, as shown in Fig. 1(a). Perturbations of this profile cause
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versity, Ghent, Belgium (e-mail: jan.demerlier@intec.rug.ac.be). a change In the propagation constants of the modes and Influ-
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N TABLE |
—l PARAMETER VALUES
Parameter Value
LN~ effective index ridge 3.23
effective index cladding 3.17
(a) Differential gain 2.7 10~ 16¢cm?
Thickness active layer 0.15 pym
Confinement factor 0.33
Unimolecular recombination coefficient | 1.67 108s~!
Transparency electron density 1018 em—3
Bimolecular recombination coefficient | 10710 em3s~!
wavelength 1.55 pm
Auger recombination coefficient 6 10~29¢m8s~!
anti-guiding factor -1.8 10~2%¢m?
propagation losses 20 ecm™!

rent consists of a drift current, due to the field induced by the

J different electron and hole distribution, and out of a diffusion
- L“ ” current induced by the nonuniform distribution of the carriers.
== All of these effects can be represented by the effective diffusion

coefficient [10]. Eventually, the approximated steady-state rate
equation can be expressed as follows:

L\_/\/ TN _I\_/l_ J 0N

~ — Dsg—— — AN — BN? - CN?3
Jin qd 922
vy _
_Ta(N — No)P(z) —0 @
hwd
Ne—~—" Here,J is the current density,is the elementary chargéjs the
(©) thickness of the active layeb). is the effective diffusion coef-

Fig. 1. The waveguide layout, the corresponding lateral refractive inddicient, A, B, andC are the nonradiative, radiative, and Auger

profiles (full lines) and the according carrier density profiles (dotted linegecombination coefficients, respectiveiyis the reduced Planck
of: (a) a passive waveguide; (b) an active shallowly etched ridge wavegui

i . . -
structure; and (c) an active buried heterostructure or deeply etched ricgjgénStant“’ IS the_Opt'Cal_ angul_ar frequ_ency, afz) is the lat- .
waveguide structure. eral power density profile. This equation has been solved using

atransfer matrix method. The solution allows us to calculate the

carriers are injected into the active layer. These carriers affég@dified lateral complex refractive index profile

the local refractive index in the active layer. This means that a

when a nonuniform carrier density profile is obtained, the re- n(z)=n,+T (ﬂN(a:) +i— (N(z) — No)) (5)
. - . 2k

fractive index profile is no longer step-like. A shallowly etched

SOA-waveguide will suffer from lateral carrier diffusion awaywheren,. is the effective refractive index of the ridgg,is the

from the ridge. This results in a nonuniform carrier density pr@¢onfinement factor3 is the antiguiding factor (z) is the car-

file and gives a perturbation as shown in Fig. 1(b). In the caseridr density,a is the differential gaink, is the wave vector, and

a “finite” active layer width, surface recombination will induceNj is the transparency electron density.

a diffusion current toward the edges of the active layer. This re-

sults in a refractive index perturbation as given in Fig. 1(c). IV. LATERAL CARRIER DIFFUSION

Due to the lack of potential barriers beneath the edges of a
shallowly etched ridge waveguide structure, the carriers can

The simulation program consists of a finite difference beadiffuse away from the guiding ridge. This causes the carrier
propagation method (FD-BPM) which takes care of the propdensity profiletobeaclockshape. Theshapeis mainly determined
gation of the light and has been linked to a program which cdly the value of the effective diffusion coefficient. The value
culates the lateral carrier density profile taking into account tledé this parameter depends on the used material and on the
interaction between the light and the carriers, through stimulatsabstrate doping [10]. Therefore, this parameter has been swept.
emission, and among the carriers. Although the latter prograftypical value forD.g in the InGaAsP—-InP material system is
implies the solution of the 2-D current continuity equations, &0 cn?/s for an n-type substrate. The other relevant parameter
can be reduced to a one dimensional problem by noting that tredues are listed in Table | and are fixed for all simulations.
thickness of the active layer is very small as compared to tRéy. 2 shows the calculated profile for different values/af;
diffusion length. Therefore the timescale in which the carrieend a fixed current density of 6 kA/émAs the diffusion
diffuse in the direction orthogonal to the active layer is an ordepefficient increases, the shape deviates more and more. This is
of magnitude faster than the lateral diffusion. The lateral cudue to the fact that the perturbation spreads over the diffusion

I1l. SIMULATION PROGRAM
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Fig. 2. Carrier density profile for different values of the effective diffusion

coefficient D Fig. 4. Normalized power in bar and cross state as a function of the length for

an ideal active waveguide.
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has a negligible impact. Perfect 3-dB coupling is obtained for
a length of 33Q:m and total coupling to the cross state output
waveguide after 66@m.

In Fig. 5(a)—(d), simulation results for different values of
D.g are plotted. As the diffusion coefficient increases, the
self-imaging properties move further away from the ideal
MMI. It becomes clear that at the “ideal” 3 dB-length there is
a large imbalance between both outputs which can mount up
to 4.5 dB. An efficient self imaging is obtained to the bar-state
output after a propagation distance of 52t and becomes
o 5 0 15 20 more significant asD.g increases. In Fig. 6, the normalized

Lateral position [um] power in the bar and the cross state is shown for current
densities of 1 kA/crh, 6 kA/cm? and 12 kA/cm using a fixed
effective diffusion coefficient of 10cfds. As can be seen from
this figure, the influence of the current on the self-imaging

N
2]

N

Carrier density [cm'3]

Fig. 3. Layout2x 2 MMl and 1 x 2 MMI.

length Lai, which equalsy/D.g7, with 7 being the carrier o .
lifetime, into the waveguide. Increasing.g implies a larger priﬁseét'?;r'; fnlé Tniﬂr?ggA with a layout given in Fig. 3(b)
perturbation. Due to the fixed region where the perturbation X X ' youtg 9. '

is significant, independent of the width of the waveguide, thse|mulat|ons have been performed. In this case, the input wave-

effect on the refractive index profile will increase as the MM uide is positioned at the center of the multimodal waveguide.

width gets narrower. Increasing the waveguide width WoulqhIS |mpl|es that iny the even modes will t.)e excited and
decrease the impact but as the surface area of an MMI ri§8§U|ts n seIf-lmaglng prop_ert|es at reduced distances as com-
with the cube of the width, as is clear from (3), this would alri(tat?n toisthgbgii\ggui'::vﬁ&] '\:I%tﬁ IeenL?;Ihs&ﬂr;/ E;,n:;-(tjr?e
significantly increase the required current. Furthermore, as g ' q A

width of the MMI increases, the component becomes mo'E?eDUt and output waveguides are 261 in width. The spacing
o . . etween the centers of the two output waveguides js4
sensitive to the tolerance in width [9].

Simulations have been done for a shallowly etched 2 For this device, the 3-dB length equals #n, as is clear

MMI-SOA with a layout as in Fig. 3(a). The MMI width equalsfrom the simulations given in Fig. 7. Total coupling to the

8 um and the input and output waveguides aren3 in width. outp_ut wavegu!de, Iocate_d in the center_ of th? MMI output, is
. . . . obtained at twice that distance. The simulation results show

This device has the property of 3-dB coupling at a distance ?1 : e .
that, when lateral carrier diffusion is taken into account, the

3L, /2 to the two output waveguides and total coupling to the

output waveguide in the cross state at twice that distance. 'Iﬁ%atlhg'gfmsﬂggg? Cg?]'nsttilllswsorlgte(rjot(;vrvlarq”:?sn?se:jdeent%ﬂ:ﬁé
applied current density equals 6 kA/étor all simulations, un- shorter len ?h of the device Whigh ﬁmitys' the accumulation
less otherwise stated. 9 ’

The ideal behavior, where the carrier density is uniform undgF the phase mismatch between the modes.

the ridge, has been simulated and plotted in Fig. 4. In the figure,
the coupling to the fundamental mode in the bar and cross output
waveguides are plotted as a function of the MMI length. It is In order to avoid the lateral current spreading, a buried het-
clear that, in this case, the device behaves properly and the gaiostructure or a deeply etched ridge waveguide structure can

V. SURFACE RECOMBINATION
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for current densities 1 kA/ctn(thick lines), 6 kA/cmi (normal lines), and 12 Fig. 7. Normalized power in output waveguide as a function of the length for

kA/cm? (thin lines). central position and 3 dB position. Thick lines: results for the ideal case. Normal
lines: results forS = 105 cm/s. Dashed lines: results foda.; = 50 cn?/s.

be used. In this case, the lateral current will be confined but the

surface recombination at the edges of the active layer will deteates, the influence increases tremendously. This is clear from

mine the carrier density profile. A fixed effective diffusion coefthe simulation results fof = 10° cm/s. It can be concluded

ficient of 10 cn?/s has been used for these simulations. The cahat the surface recombination should be lower thathcm/s

rier density distributions are plotted as a function of the surfage order to have negligible influence on the self-imaging be-

recombination rate in Fig. 8. The nonuniformity is negligibldavior. It should be noted that the surface recombination rate

for values lower thari0* cm/s. The impact on the behavior ofis highly dependent on the material system. Typical values for

the 2 x 2 MMI is shown in Fig. 9(a) and (b) for the differentthe INnGaAsP—InP system are 12 cm /s [12]. An additional

values of surface recombination. For a valuelof cm/s, the wet-etching step can be introduced in the fabrication process in

impact is still moderate but for higher surface recombinaticsrder to decrease the etching damage and contamination due to
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perofrmance will suffer a lot from this effect. Simulation results
for the 1x 2 MMI for S = 10° cm/s are plotted in Fig. 7. As in

the case of a shallowly etched waveguide structure, these simu-
lations reveal no significant degradation.

VI. CONCLUSION

Simulations have shown the significant effect of lateral car-
rier diffusion and surface recombination in the active layer on
the self-imaging properties of SOA-based MMls. This effect
can be minimized by using buried heterostructures or deeply
etched ridge waveguide structures. In this case, the surface re-
combination must be kept belal®* cm/s, which is possible for
the InGaAsP-InP material system when special care is taken of
the etching process. However, this value can probably not be
reached in, e.g., the InGaAs—GaAs material system. Simulation
results on a x 2 MMI, based on restricted interference, show

Fig. 8. Carrier density profile for different values of surface recombinatiod© significant degradation due to the decreased self-imaging dis-

parameters.
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the dry etching. For the InGaAs—GaAs system, the value can

mount up to more thah0® cm/s [11], in which case the device

tance.
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