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1. Introduction

For high-performance semiconductor optical modula-
tors and switches based on phase modulation such as
Mach-Zehnder (MZ) modulators, five-layer asymmetric
coupled quantum wells (FACQWSs) have been studied
[1-3]. The FACQW is one of the most promising candi-
dates for producing a giant electrorefractive index change.

Because the FACQW is composed of ultra-thin layers,
the thickness fluctuation of each layer may deteriorate the
electrorefractive effect [4]. In addition, poor abruptness in
heterointerfaces may also have bad influence on the cha-
racteristics of the FACQW. Improvements of abruptness of
heterointerfaces for 111-V compound semiconductors were
theoretically and experimentally studied[5-7].

In this paper, we theoretically investigate the influence
of heterointerface abruptness on electrorefractive effect in
an Ings3Gag 47A8/INg52Alp 46AS FACQW. We also propose
an improved FACQW structure against the deterioration
caused by poor abruptness of heterointerfaces.

2. Deterioration of electrorefractive effect

Figure 1 illustrates the calculation model used for inves-
tigating influence of abruptness in heterointerfaces of the
FACQW on its electrorefractive effect[8]. A profile of Al
composition X in INg53.448Gag 47.47x4sAlLAS layers is shown.
All InGaAlAs layers are assumed to be lattice-matched to
an InP substrate. The dotted line describes the ideal
FACQW structure with no transition region at heterointer-
faces. It is composed of a 19-ML (mono layer) InGaAs well
(QW1) and a 22 (=4+3+15)-ML well (QW2) with a 3-ML
InAlAs layer inserted for potential modification. Both well
layers couple with each other through an 8-ML InAlAs
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Fig.1. Profile of Al composition x in InGaAlAs layers used
for investigating influence of abruptness in heterointerfaces.
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barrier layer. The solid line describes an Al composition
profile of an “exponential model”, that is, a structure with
deteriorated abruptness in heterointerfaces. In the analysis,
we assume that a composition X (z) of Al at a position z=0
exponentially changes as

X(z) = X(0) exp(— Iz_j

where L is a thickness constant of a transition layer. It is
assumed for simplicity that L for InGaAs/InAlAs interfaces
is the same with that for InAlAs/InGaAs interfaces. Using
this profile, absorption coefficient spectra with various L
were calculated by solving the Schrddinger equations uti-
lizing the k-p perturbation theory with a 4 x 4 Luttin-
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Fig.2. Calculated absorption spectra of InGaAs/InAlAs FACQW
(TE mode). (a) L=0 ML, (b) L=3 ML. For L=0 ML and 3 ML,

absorption coefficient change A« is maximum at F= —60 and -54
kV/cm, respectively.
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Fig.3. Calculated electrorefractive index change An (TE mode)
of FACQW with various L.
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Fig.4. Calculated absorption spectra of the redesigned FACQW
(TE mode) with L=3 ML. Absorption coefficient change A« is
maximum at F= -48 kV/cm.

ger-Kohn Hamiltonian[9] The exciton effect was calculated
using non-variational approach.

Figure 2 shows the calculated absorption coefficient
spectra of the FACQW for L=0 and L=3 ML. The large
electrorefractive index change is caused by the increase of
the peak at around 1370 nm. However, in the case of L=3
MLs, the increase of the peak becomes small, resulting in
small electrorefractive index change.

Figure 3 shows the theoretical refractive index changesat
the wavelength of 1550 nm with various L as functions of
an applied electric field. When L is equal or more than 3
MLs, the decrease of the electrorefractive index change at
50-60 kV/cm is remarkable. The main reason for this dete-
rioration of the electrorefractive index change is that due to
the poor abruptness of heterointerfaces, the height of the
thin barrier layers for coupling (the 8ML-InAIAs layer)
decreases and localization of carriers in the FACQW be-
comes weakened.

3. Redesinged FACQW structure against the deteriora-
tion

In actual crystal growth processes, deterioration of he-
terointerface abruptness especially in metal organic vapor
phase epitaxy (MOVPE) is inevitable. To overcome this
problem, we redesigned the FACQW structure on the as-
sumption that there exists some deterioration in abruptness
of heterointerfaces. For example, when L=3 ML, 19-ML
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Fig.5. Calculated electrorefractive index change An (TE mode)

of FACQW (ideal, L=3 ML before redesign, and L=3 ML after
redesign).

InGaAs, 8-ML InAlAs and 15-ML InGaAs layers are
thickened by 1, 2, and 1 ML, respectively.

Figure 4 shows the calculated absorption coefficient
spectra of the redesigned FACQW structure. Comparing
with Fig. 2.(b), the increase of the absorption peak at
around 1370 nm is recovered. Figure 5 shows the theoreti-
cal refractive index change of the re-designed FACQWs
with L=3 ML as a function of an applied electric field.
Though the peak height at around F=50 kV/cm is slightly
decreased, the electrorefractive index change is greatly re-
covered even with L=3 ML. This result shows that the
FACQW structure is still a promising structure for
low-voltage and high-speed optical modulators and switch-
es even with non-abrupt heterointerfaces.
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4. Conclusions

The influence of heterointerface abruptness on electro-
refractive effect in InGaAs/InAlAs FACQW was studied.
Transition layers of composition at heterointerfaces in the
FACQW will deteriorate the electrorefractive index change.
This problem can be overcome by changing the thicknesses
of a few critical layers.
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