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Abstract: We propose a fiber-to-waveguide coupler for side-illuminated p-i-n photodiodes to obtain high responsivity and

low polarization dependence that is grown on InP substrate and is suitable for surface hybrid integration in low cost mod-

ules. The fiber-to-waveguide coupler is based on a diluted waveguide.which is composed of ten periods of undoped 120nm

InP /80nm InGaAsP (1.05um bandgap) multiple layers. Using the semi-vectorial three dimensional beam propagation

method (BPM) with the central difference scheme, the coupling efficiency of fiber-to-waveguide under different condi-

tions is simulated and studied,and the optimized conditions for fiber-to-waveguide coupling are obtained. For TE-like and

TM-like modes.,the calculated maximum coupling efficiency is higher than 94% and 92% .respectively. The calculated po-

larization dependence is less than 0. 1dB,showing good polarization independence.
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1 Introduction

Compared with the surface-illuminated photodi-
odes, side-illuminated photodiodes have a special ad-
vantage: there is no tradeoff between quantum effi-
ciency and bandwidth. This means that they can over-
come the tradeoff limitation with the side-illuminated
photodiodes to obtain high responsivity and high
bandwidth at the same time. Waveguide photodiodes
with an external quantum efficiency of greater than
80% and 3dB bandwidth of greater than 50GHz,
which is side-illuminated, have been reported’. The
main problem of such detectors is coupling the light
from a fiber to the detectors with high efficiency and
low polarization dependence'®’ . A great deal of struc-
tures have been proposed and fabricated such as ta-

! and grating couplers'*'. Using these approa-

pers
ches, the side-illuminated photodiodes may gain high
responsivity, but at the expense of complicating fabri-
cation"”'. Diluted waveguides with different epitaxial
layers have been adopted as the fiber-to-waveguide
coupler in the evanescently coupled side-illuminated
photodiodes and waveguide p-i-n photodiodes' >~/
A diluted waveguide coupler,composed of ten periods

of undoped 100nm/80nm InP/InGaAsP (Ql.1um),
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with a coupling efficiency of more than 82% and po-
larization dependence of less than 0. 5dB has been re-
alized™ . Recently, a coupling efficiency of higher
than 90% for a diluted waveguide coupler composed
of seven InGaAsP (Q1. 07pm) layers with 50,80,110,
140,170,200,and 580nm thicknesses, interspersed be-
tween the 150nm-thick InP layer, with a polarization
dependence less than 0.8dB has been demonstra-
ted”'. Our approach uses ten periods of undoped
120nm/80nm InP/InGaAsP (Ql.05pm) planar dilu-
ted waveguide as the fiber-to-waveguide coupler. In
this paper, the simulation and optimization of the
coupler are described in detail, not only for the dilu-
ted waveguide,but also for the lensed fiber. The BPM
algorithm is introduced, and mathematical formula-
tions for the full and semi vector BPM are established
and discussed. The main equations for the semi-vector
BPM in the form of standard alternating direction
method (ADI) based on Crank-Nicholson scheme are
derived. We explain theoretically why a diluted
waveguide is chosen as the fiber-to-waveguide cou-
pler. Using the imaginary distance semi-vector BPM,
the whole modes of diluted waveguide with different
widths are calculated. The coupling efficiency of fi-
ber-to-waveguide at different conditions is simulated
and the optimized conditions for fiber-to-waveguide
coupling are obtained.
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2 The BPM algorithm

Polarization effects can be accounted for by the
vector BPM algorithm, and under the slowly varying
envelope approximation, we obtain the paraxial vec-

tor wave equations in uniform structures™'" ;

j a?ix = ALE + A X)'E,\'
IE, D
- =A \'VE y T A vxEx
dz o ’

where A; are the complex differential operators,
which are defined as:
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(2)
k, is the wavenumber in free space and n, is a con-

stant,chosen as a reference refractive index.

Equation (1) shows that the transverse electric
field components are polarization-dependent and cou-
pled with each other. In Eq. (2), the operators A,,
and A,, account for polarization dependence due to
different boundary conditions at interfaces, and de-
scribe such effects as different propagation constants,
field distribution,etc. for TE and TM mode. The off-
diagonal terms A,, and A, account for polarization
coupling and hybrid modes due to geometric effects,
such as those irregular geometric shapes in the cross-
sectional structure, and the material anisotropy. The
epitaxial structure of the diluted waveguide presented
here is a regular shape for isotropy materials, thus the
couplings between the two polarizations are quite
weak in propagation. The off-diagonal terms A,, and
A,, can be neglected,transforming Eq. (1) into:

e s JAGE. B =oAL, B

This is the semi-vector BPM and is precise enough for
the diluted waveguide.

With the finite-difference approach based on the
central

difference scheme, also the well-known
Crank-Nicholson scheme,x = mAx,y=nAy and z =
IAz ,Equation (3) can be discretized in the following

formst? .
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where T and R are the transmission and reflection coefficients across the index interfaces between m Ax and

(m +1)Ax,which are defined as:
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and so we obtain the following equation:
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where parameter « is introduced to control the schemes for solving the finite difference equations. The discrete
formula for the magnetic field components have been derived and can be also found in Ref.[11]. The system of
equations based on the Crank-Nicholson approach is not tridiagonal,and requires O (N> - Nf.)) operations to
solve. The help of alternation direction implicit (ADI) method'**’ allows the 3D problem to be solved with opti-
mal OC(N, *« N,) efficiency[“] . The equations of the standard ADI scheme are as follows:
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adding higher order terms(%) AA, and (%) X
B.B, in Eq. (5) ,we find:
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(6)

Then, we obtain two tridiagonal equations of the
standard ADI form:

_ 4z Ly Az :
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Employing full transparent boundary conditions

(TBC) as described in Refs.[15,16], we will get the
numerical results of the diluted waveguide.

3 Waveguide structure and mode simula-
tion

The diluted waveguide, also called a fiber-to-
waveguide coupler,is a kind of waveguide composed
of multiple InP/InGaAsP/InP waveguides with weak
optical confinement, as presented in Fig. 1. The elec-
tromagnetic fields in the diluted waveguide are (L, ,
H,,H,) and (H,.E,.E,) for TE and TM mode,

——

Fig.1 Schematic of cross section for waveguide structure of the

1

diluted waveguide, grown on a semi-insulating InP substrate,with
a period of N d, and d. stand for the thickness of InGaAsP

and InP respectively.

respectively. Index distribution is quite different along
the x-direction and the y-direction. In the x-direc-
tion,index distribution is uniform and in the y-direc-
tion.index distribution is periodical. In a single InP/
InGaAsP/InP plane waveguide. the boundary condi-
tions for the electric field components of TE and TM
mode in the x-y plane are so different that the optical
fields distributions (electric component) are signifi-
cantly different. The coupling efficiency of fiber-to-
waveguide is decided by the overlap integral between
the normalized optical field of a single mode fiber ¥
(x,y) and the normalized optical field of waveguide
¢1j(x,y)m:

i 2
= 2] Uj‘l’(xvy)%(x,y)dxdy (8)
p

where i and j are the orders of modes in waveguide in
the x- and y-directions, respectively. As a result, the
polarization dependence phenomenon of fiber-to-
But,
waveguide, which is composed of multiple InP/In-

waveguide coupling appears. in a diluted
GaAsP/InP waveguides, the guide modes are formed
by strong coupling between the optical fields in indi-
vidual waveguides. For TE mode,although the electric
field component is along the x-direction with uniform
index distribution,due to the thin InP separate layers,
there are strong evanescent fields of the E, compo-
nent in the y-direction. Therefore, the coupling be-
tween the E, component field occurs and forms the
TE mode of the diluted waveguide. For TM mode,the
electric field component, which is perpendicular to
the epitaxial growth direction,is along the y-direction
with a step-like refractive index distribution, and
therefore the evanescent field coupling is much stron-
ger than in TE mode.

The optical fields of the guide modes in the dilu-
ted waveguide were calculated with the imaginary dis-
tance BPM (ID-BPM)"""~"*/. We ignored the imagi-
nary part of the refractive indices and set them to be
3.146 for InP and 3.28 for IngssGag 12 ASy.26Po.7
(Q1.05)™" at the wavelength of 1.55um. We can
choose a set of Gaussian functions &@,, (x.,y)""™ as the
eigenfunctions to expand the modes of the diluted

waveguides as follows, ¥, (x,y.0) = ZCm¢m(X7y) ,
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These small variations have little effect on the cou-
pling efficiency and can be neglected. Thus,the fiber-
to-waveguide coupler is of low polarization depend-
ence. In addition, the 1/e optical field is confined in
the diluted waveguide with ten periods of InP/In-

GaAsP. Using an orthogonalization procedure"*"

» we
can obtain a higher order modes propagation constant
and then find all the guided modes of the diluted
waveguide,as shown in Fig. 3. The diluted waveguide
has a thickness of only 2pm, thus there is only a fun-

damental mode in the y-direction. Therefore, in

with a width of 5pm (a),(b) and 10pm (c¢).(d) for TE and TM
modes respectively

Eq. (8),the y-direction mode order j =0.In the x-di-
rection, the calculated optical fields with different or-
ders of modes are presented in Fig. 3. There are three
modes when the diluted waveguide is of 5um width
for both TE and TM modes [Figs. 3 (a),3(b) ], while
with a diluted waveguide width of 10pm,there are six
modes for TE and five for TM modes [ Figs. 3 (¢),3(d) ]
respectively. We will show that these modes have a
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Fig.4 Calculated fiber-to-waveguide coupling efficiencies with a diluted waveguide width of 5um

Incident position V/pm

(a),(b) The coupling efficiency

varies with the fiber mode size D,with the center of incident light position being (0,1);(c),(d) The coupling efficiency varies with
the incident position in the x-direction, with the center of incident light position being (x,1),D =4;(e),(f) The coupling efficiency
varies with the incident position in the y-direction while the center of incident light position is (0, y),D =4,for TE and TM modes,
respectively Comparing the coupling efficiency of TE mode with TM mode,the polarization dependence is smaller than 0. 1dB.

great influence on fiber-to-waveguide coupling in the
next section.

4 Fiber-to-waveguide coupling

In order to simulate the coupling of single mode
fiber-to-waveguide, we choose an optical field with
the Gaussian distribution, ¥ (x,y) = e’ﬁ e’ﬁ ,as
the input single mode fiber mode field to calculate the
overlap integral with the modes of diluted waveguide
from Eq. (8),where D is the mode size of the output
light from a single mode fiber. We calculate the fiber-
to-waveguide coupling efficiencies, which vary with
the diameters D and the incident position in the x-
and y-direction, respectively, at the widths of 5pm

and 10pm without considering the reflection of the
incident facet. The results are represented as follows.

The diluted waveguide with a width of 5um rea-
ches the highest coupling efficiency (>>94%) with the
mode size of 2. 9um for TE mode and 3pm for TM
mode, as shown in Figs.4 (a) and 4 (b). The odd
modes have no contribution to the coupling efficien-
cy.because the optical field of the odd mode is zero in
the y-z plane at x = 0,shown in Fig. 3. The coupling
efficiency is mainly decided by the fundamental
mode. Due to the multimode in the x-direction, the
coupling efficiencies of higher order modes vary peri-
odically with the incident position x,shown in Figs.4
(c) and 4 (d),and the total coupling efficiency, the
summation of the individual mode’s, is quite flat and
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(a), (b) The coupling efficiency

varies with the fiber mode size D ,center of the incident position (0,1);(c),(d) The coupling efficiency varies with the incident posi-
tion in x-direction,center of the incident position (x,1),D =4;(e),(f) The coupling efficiency varies with the incident position in
y-direction center of incident position (0,y),D =4,for TE and TM modes, respectively Comparing the coupling efficiency of TE

mode with TM mode,the polarization dependence is smaller than 0. 1dB.

has good incident tolerance in the x-direction. In the
y-direction, the diluted waveguide is not symmetric
and the optical field expands to the InP substrate to
some extent,and the center position of the mode is a-
round y =0. 8 (see Fig. 2). Thus, the optimal position for
incident is not y=1 but y =0. 9 for TE mode and y=0. 8
for TM mode,as shown in Figs. 4 (e) and 4 ().

For the coupling efficiency curves versus the fi-
ber mode size D,the center position of incident light
x and y when the diluted waveguide width is 10pm
are similar to the curves when the width is 5pm. Be-
cause there are more modes than the waveguide with
S5pm width, as presented in Fig. 3, the coupling effi-
ciency varying with x is nearly constant and the cou-
pling efficiencies of higher order modes are periodi-
cal,as shown in Figs.5 (c¢) and 5(d). Figures 5 (a)

and 5(b) show that the optional mode size D for fi-
ber-to-waveguide coupling is 3. 4um for TE mode and
3.5pum for TM mode, with a coupling efficiency of
more than 92%, smaller than the 5pm width
waveguide’ s. This is because the mode spot with a
10pm width waveguide expands more than the 5pm
width waveguide in the x-direction,as shown in Fig. 6
(a).

The field distributions within 1/e width of
Gaussian modes and 5pm-width waveguide fundamen-
tal modes almost overlap in the x-direction, and the
fundamental mode of the 10pm-width has a much lar-
ger mode spot and smaller overlap. At the same time,
in the y-direction, the waveguide modes have the
same field distribution, (see Fig. 6 (b)) ,regardless of
the polarization and waveguide width.
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Table 1  Calculated fiber-to-diluted waveguide coupling per-
formance
Waveguide width/pm 5 10
Coupling efficiency/ % 95 93
Polarization dependence
(TE/TM, maximum) /dB 0.08 0-1
— 1dB alignment (Ay,D =4pm)/pm +0.8 +0.7
S Conclusion
We have proposed a multimode diluted

waveguide as a fiber-to-waveguide coupler. Using the
imaginary distance BPM, we calculated all the guide
modes of the waveguide with widths of 5 and 10pum,
respectively. The simulation results explain theoreti-
cally why the coupler is of low polarization depend-
ence. Taking a Gaussian mode as the single fiber
mode, the coupling efficiencies of individual modes
were obtained by overlap integral and used to find the
optimal coupling condition:fiber mode size about 3pm
for the waveguide with a width of 5 and 3. 5um for
the waveguide with a width of 10pm,and the center
position of incident light is about (0,0. 8). These sim-
ulation results show that the coupler can provide quite
relaxed tolerances and perfect coupling performances
(see Table 1). The polarization dependence is lower
than 0.1dB and the coupling efficiency is higher than
90% ,up to 95% for waveguide with a width of 5um
and 93% for waveguide with a width of 10pm in the

optimal conditions. Therefore, we conclude that dilu-
ted waveguides could provide a useful way for reali-
zing fiber-to-waveguide couplers with high coupling
efficiency and low polarization dependence that are
compatible with hybrid optoelectronics integration.
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