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tion coefficient a, which is calculated
from a model similar to Ref. 4 without
the polarization sensitivity.

It is interesting to note that the mag-
nitude of AT (between F = 0 and 50 kV/
cm) is enhanced in the DFQW (Ls = 50
A) for all values of R, as compared to the
Ly = 0 case, at a chosen operational wave-
length A, = 758 nm (to obtain maximum
AT’s), see Fig. 2. Analysis of the modu-
lator is based on the non-normalized AT/
T spectra in the normal-OFF operational
mode with an optimized R = 0.5 for the
two Ly's, see Fig. 3. One positive peak
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P69 Fig. 2. The transmission T
spectra as a function of reflectivity R for
F (kV/cm) = 0 (solid), 30 (dot), 50
(dash). (a) Ld = 0 A at ., = 0.850 pm
and (b) Ld = 40 A at A, = 0.758 pum.
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P69 Fig. 3. The AT/T spectra for
DFQWs of thickness d = 0.5 pm and R
= 0.5 for F (kV/cm) = 10 (dash-dot), 30
(solid), 40 (dash), and 50 (dot). (a) Ld =
0 A and (b) Ld = 40 A.
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(AT/T), and one negative trough (AT/
T). can be observed in each spectrum,
where the former corresponds to the larg-
est modulation depth while the latter, al-
though slightly smaller in magnitude,
corresponds to a lower resident absorp-
tion a(F = 0). It can be seen that (AT/T).
increases from 1.53 (Ly = 0) to 3.40 (Ly =
40 A), which is an attractive feature for
developing a high intensity modulator
with a narrow A, range. Also a steady
AT/T = 0.6 (without any sign change) is
obtained for a range of ;s (740 to 760
nm = 20 nm) in the DFQW between F =
40 and 50 kV/cm, therefore it can be op-
erated as a 20 nm band-width transmis-
sion modulator with only a single DFQW
structure. Finally, the (AT/T)- has a
wavelength range of \,, = 850 — 782 =
80 nm with an acceptable fluctuation of
AT/T = (0.62 — 0.54)/0.62 = 12% for
cases of Ly from 0 to 30 A, so it can be
employed as a wide band-width modu-
lator with a multi-section consists of dif-
ferential Ly's.
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lateral optical confinement in AlGaAs/GaAs
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Hong Kong, Pokfulam Road, Hong Kong

The impurity induced disordering (IID)
technique provides an efficient way to re-
alize waveguiding structure in optoelec-
tronic integrated circuits.’ The masked
implantation process produces a modifi-
cation of the quantum well (QW) mate-
rial which in turn modifies its refractive
index? This creates a refractive index
step between the implanted and nonim-
planted regions and produces lateral con-
finement for photons in the lateral di-
mension, thus a 2-D waveguide is
formed. Although there have been a lot
of effort spent in studying the electronic
and optical properties of the IID modified
AlGaAs/GaAs QW structures, the de-
tailed waveguiding properties of this
type of devices is still not known. A de-
tail model is considered here on the two
dimensional IID waveguide structure
and results indicate guiding require-
ments on the structure’s dimension, ef-
fects on the optical confinement factor,
and the wavelength requirement for sin-
gle mode propagation.

The structure to be modeled consists
of Aly;Gay,As/GaAs QWs (10 to 40 pe-
riods of 100 A wide well and barrier lay-
ers) and thick Al;;Gay,As buffer layer
grown on a GaAs substrate; the sche-
matic of the structure is shown in Fig. 1.
In our model, Ga* ion is implanted with
a projected range located around the cen-
ter of the QW layers. The annealing time
and temperature in the simulation is 20
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P70 Fig. 1. Schematic of the IID
multi-quantum well waveguide
structure.
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P70 Fig. 2. Refractive index profile
(half symmetry) of a structure with 20
multi-QW layers, 5000 A mask width,
and propagation wavelength at 1 pum.

seconds and 900°C, respectively. In order
to analyze the waveguiding properties
accurately, the impurity density profile
as-implanted was computed base on both
experimental and simulation results.” On
the basis of these initial conditions, the
2-D impurity distribution after an an-
nealing time t was then computed by
solving a non-constant coefficient diffu-
sion equation using a finite element
method. This impurity concentration pro-
file determines the 2-D dependent diffu-
sion coefficient and thus the position de-
pendent diffusion length of the Al/Ga
atoms at any given time can be obtained.
Using a previously developed model* a
2-D refractive index profile was then cal-
culated from these diffusion lengths, as
shown in Fig. 2. The TE mode waveguide
equation was solved using a finite differ-
ence method to determine the propaga-
tion coefficient, B, as well as the optical
electric field profile, and followed by the
determination of the optical confinement
factor.

The parameters of the IID waveguide
structure such as the mask width, Ly,
QW layer thickness, d, ion implantation
energy, operational wavelengths, A, were
varied in order to analyze the single and
multiple mode waveguiding require-
ments. It is found that the waveguide di-
mension, that is the mask width and the
thickness of the multi-QW layers, should
be at least half of the dimension of the
propagation wavelength to provide a sat-
isfactory wave confinement factor of
~0.5. In fact guiding was found to be sup-

$19)504



288 / CLEO/PACIFIC RIM | POSTER SESSION

L
2000 4000 6000 8000

P70 Fig. 3. The propagation constant,
B, as a function the thickness of the
multi-QW layers, with mask width
equals 5000 A and propagation
wavelength at 1 um.

ported from d = 2200 A up to 7500 A for
single mode and beyond for multiple
mode with Ly = 5000 A at A = 1 um, see
Fig. 3. The effect of Ly (5000 A to 10,000
A) on the single mode properties remains
unaffected for d = 4000 Aat A =1 pm, as
is the variation of x (0.8 to 1.55 um) for
d = 4000 A and Ly = 5000 A.
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Intensity-dependent phenomena in opti-
cal guiding structures have attracted
much interest in recent years because of
their potential use in all-optical process-
ing. Most papers concerned with modal
analysis of nonlinear optical waveguides
have dealt with planar structures. Re-
cently, a scalar finite element method
(FEM) has been applied to modal analy-
sis of nonlinear optical channel wave-
guides."” Although the scalar FEM is ap-
proximate in a strict sense, in contrast to
the vector FEM,** this approach has as its
main advantages: the smaller matrix di-
mensions, no spurious solutions, and ca-
pability of easily computing the propa-
gation constant at a given frequency. In
the earlier works,"” however, only the TE-

like wave propagation is considered, and
the intensity-dependent refractive index
is assumed to be constant within each
element. Hence, if the accuracy of solu-
tions needs to be improved, the scale of
computation becomes significantly large.!

In this paper a unified approach based
on the scalar FEM is developed for both
TE-like and TM-like nonlinear waves in
optical channel waveguides. In order to
faithfully evaluate the intensity-depen-
dent refractive index within each element
according to the electric field distribu-
tions and to treat arbitrarily shaped non-
linear optical waveguides, quadratic iso-
parametric curvilinear elements and
numerical integration formulae derived
by Hammer et al.* are introduced. Prop-
agation characteristics of nonlinear ellip-
tical core optical fibers and graded-index
nonlinear optical channel waveguides are
investigated for the first time.

Fig. 1 shows power dispersion curves
for an elliptical core optical fiber with

1.60 7
Isoparametric  Conventional 17
elements elements /.I/

59 Ne =96 N. =96 17
1.59 —*—-Ni:Sé ""chgg e
5 -~ Ne=24 ===~ Ne=2
e N = NS 2B
Zisgp N6 .
v
Z
Q
(a) g 1.57

o

1.56F

1.55 L L

0 10 20 30
Optical power [UW]

1.60
Isoparametric  Conventional

1.59

>
QL
=
E1.5
[
2
(b) §1.57
o
1.56F
1.55 v
10 20 30
Optical power [UW]
P71 Fig. 1. Power dispersion curves

for an elliptical core optical fiber
with Kerr nonlinearity in the core.
(a) Fundamental TE-like mode.
(b) Fundamental TM-like mode.
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P71 Fig. 2. Graded-index nonlinear
optical channel waveguide.

Kerr nonlinearity in the core, a major axis
of V2 wm, a minor axis of 1/V/2 pm, a
core index of 1.57, a cladding index of
1.55, and a nonlinear-optical coefficient of
10~° m?/W, where the wavelength x =
0.5145 wm and N, is the number of ele-
ments. In the present approach using iso-
parametric elements the convergence of
solutions is very fast irrespective of the
difference of polarizations. The modal bi-
refringence is greatly enhanced with in-
creasing optical power. We have con-
firmed that the results of the present
approach for a circular core optical fiber
are in good agreement with analytical so-
lutions for axisymmetric structures.® It is
interesting to note that the power disper-
sion curve for the TE-like mode of an el-
liptical core fiber with a major axis of
\/i pm and a minor axis of l/\/i pm is
similar to that for the LP,; mode of a cir-
cular core fiber with the same core area,
namely, a core diameter of 1 um.

Next, we consider a graded-index op-
tical channel waveguide as shown in Fig.
2, where A = 0.515 um, ¢t = 1.0 pm, ng =
1.55, 1 = 1.55, 1 = 1.0, An = 0.02, An
= 0.04, n’ = 10° m*/W, diffusion lengths
d. = d, = 3 pm, and the saturable nonlin-
earity is assumed. Fig. 3 shows power
dispersion curves for various types of
nonlinear optical channel waveguides:
type 1 with Gaussian and exponential
profiles in the x and y directions, type 2
with Gaussian profiles in both directions,
and type 3 with step-index profiles in
both directions. The dispersion curves ex-
hibit switching and hysteresis natures,
and the threshold power becomes higher
and the width of the hysteresis loop be-
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P71 Fig. 3. Power dispersion curves
for a graded-index nonlinear optical
channel waveguide. (a) Fundamental
TE-like mode. (b) Fundamental TM-like
mode.



