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The results of modeling the application of an external electric field to disordered, strained InGaAs/
GaAs single quantum well are presented. An error function profile is used to model the constituent
atomscomposition after interdiffusion. Results indicate that theexciton Stark shift in thedisordered
quantum well is greater than in the as-grown 10 nm wide In0.2Ga0.8As well, and that the change in
electroabsorption near the fundamental exciton absorption peak is enhanced by 30% in the
disordered quantum well for a 30 kV/cm electric field applied perpendicular to the well. These
results may be used to achieve optical modulators with improved performance characteristics in
strained quantum well structures. © 1995 American Institute of Physics.
In quantum well ~QW! structures excitonic effects pro-
duce large absorption peaks just below the interband transi-
tion energy, which become stable even at room temperature,
and which sharpen the absorption edge.1 When an electric
field is applied perpendicular to the QW layer, the exciton
peaks remain resolved up to very high fields, and show sig-
nificant shifts in the absorption edge.2 This quantum-
confined Stark effect ~QCSE! hasbeen applied in QW optical
modulators3 and in self-electro-optic-effect devices,4 where
light propagates perpendicular to the QW layer. More re-
cently, InGaAs/GaAs QW waveguide modulators, where
light propagates parallel to the QW layer, have also been
investigated.5 Such modulators are particularly interesting
for monolithic integration with low threshold strained-layer
laser diodes.6 For high device performance, such as high
on/off ratio and a low drive voltage, it is desirable that a
largeStark shift of theexciton is exhibited with applied elec-
tric field. A QW structure with a graded well compositional
bottom has been proposed for this purpose.7

Disordering of QW structures involves the interdiffusion
of constituent atoms across the well-barrier interfaces and
results in agraded compositional profile. The extent of inter-
diffusion is a function of the disordering process
parameters.8 QW disordering leads to significant shifts in the
absorption edge of QW structures, and is an attractive tool
for band-gap engineering also in the context of monolithic
integration. In this letter, the effects of QW disordering of a
strained InGaAs/GaAs single QW on the Stark shift and
electroabsorption aremodeled to investigate thepotential use
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of disordering of strained QWs for improved device perfor-
mance.

In coherently strained pseudomorphic InGaAs/GaAs
QWs a biaxial compressive strain perpendicular to the
growth direction increases the energy gap between the con-
duction band and the degenerate valence bands, while a
uniaxial compressive component of strain parallel to the
growth direction results in heavy hole ~hh!–light hole ~lh!
band edge splitting.9 In themodel used here the electron and
hole subbands are considered assuming the conduction band
to beparabolic and that the lh subband shift due to thestrain-
induced hh–lh band edge splitting is large enough to neglect
valencebandmixing.10,11 Thedisordering process isassumed
to result in the interdiffusion of In and Ga atoms across the
interface.12An error function distribution is used to represent
the compositional profile after disordering,13 and the extent
of interdiffusion is characterized by the interdiffusion length
Ld5(Dt)1/2, whereD is the diffusion coefficient and t is the
annealing time. The subbands are determined numerically
following a scheme developed by Bloss14 for quasibound
states, using spatially dependent effective masses and strain
effects,15 and are then used to calculate the heavy-hole re-
lated 1 Sexciton binding energies and wave functions by a
perturbative-variational method.16 Numerical results are cal-
culated for an as-grown QW, and for various values of inter-
diffusion length Ld . These results are next used to determine
the room-temperature absorption coefficient near the funda-
mental absorption edge. Waveguide electroabsorption is con-
sidered here, with the light propagating along the plane of
the QW layer. The absorption coefficient is calculated, for
various values of Ld and applied field, for the band edge G
region of theBrillouin zone taking into consideration only hh
to conduction transitions, in view of the effects of the com-
pressive strain on the lh subband, as discussed previously.
The TE polarization absorption coefficient is determined by
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taking into consideration the 1 Sexciton, and all the bound
states, including the 2D enhancement Sommerfeld factor.
Details of the calculations are given in Ref. 16. In this first
analysis, the contributions from continuum states above the
barrier gap have not been considered. This should only have
a small effect on the electroabsorption spectrum near the
fundamental absorption edge.

The as-grown QW structure considered here is a10 nm
InGaAs layer sandwiched between thick GaAs barriers. The
effects of the applied field on the exciton Stark shift energy
for the hh related transitions are shown in Fig. 1. In the
initial stages of interdiffusion (Ld'1 nm! the Stark shift
decreases slightly and then increases to a value larger than
the as-grown case, showing a significantly larger value for
Ld53 nm. This reflects the changing carrier confinement
profiles, asmodified by disordering, strain, and applied field.
For a given electric field the Stark shift depends on the
width, depth, and shape of the confinement profile and is
directly proportional to the carrier effectivemass. The effec-
tive width of the tilted confinement profile, experienced by
the electron and hh ground states under the action of the
applied field, is larger in the disordered QW ~Ld>2 nm, in
this case! than in the as-grown QW. As aresult, the applied
field lowers the ground state subbands, and thus the ground
state transition energy, to a greater extent in the disordered
QW. In addition, the average of the spatially dependent ef-
fectivemassesover thewell region is larger in thedisordered
QW, as a result of the increasing effective masses with in-
creasing distance from the well center. This heavier carrier
mass results in a lower quantization level and thus greater
sensitivity to the shape of the well, and therefore to the ap-
plied field. Thus, an enhanced Stark shift results in the dis-
ordered structure as compared to the as-grown structure. The
increase in Stark shift in the disordered QW is similar in
trend to results calculated for agraded-gapQW structure.17 It
can be seen that for Ld53 nm, theStark shift at 30 kV/cm is
enhanced by a factor of 65% over the as-grown QW case.
This enhancement could be the basis of improved device
performance in electroabsorption modulators which can be

FIG. 1. Stark shift with applied electric field for an In0.2Ga0.8As/GaAssingle
QW, with an as-grown Lz510 nm, for various values of interdiffusion
length Ld .
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driven with alow operating voltageand possess ahigh on/off
ratio. The Stark shift values for the as-grown QW, compare
favorably with calculated values reported for an InGaAs/
GaAs QW structure with similar barrier heights of 100
meV.10 The Stark shift values determined here for the
strained, disordered InGaAs/GaAs QW are comparable to
Stark shift values obtained when considering interdiffusion
in an Al0.3Ga0.7As/GaAs QW with Lz510 nm,18 even
though the conduction and hole barrier heights, for Ld50
nm, are 300 and 120 meV, respectively.

Figure 2 shows the TE polarized absorption coefficient
spectra for an as-grown QW and for the disordered QW with
Ld53 nm, for various values of applied field. The exciton
peak shifts to longer wavelengths with increasing applied
field, reflecting the QCSE, at the same time decreasing in
value. The applied field pulls apart the electron and hh wave
functions thereby reducing the electron-hh wave function
overlap, and thus the exciton peak. A similar trend in the
behavior of the exciton peak at the fundamental absorption
edge is observed in the disordered QW. The decrease in the
exciton peak for similar values of applied field is larger for
the disordered QW than for the as-grown QW, since the
electron-hh wave function overlap is reduced to a greater
extent. In the disordered QW the electron and hh wave func-
tionsare less strongly confined and show a larger penetration
out of the well, so that the two wave functions are pulled
further apart by the electric field.

The change in the TE polarization absorption coefficient
due to the application of an electric field, for wavelengths
around the fundamental absorption edge, is shown in Fig. 3,
for Ld50 and 3 nm, respectively. This change in electroab-
sorption is defined as Da5a(F)2a(F50). For the as-
grown QW electric fields up to 40 kV/cm are considered,
while for the disordered QW electric fields up to 30 kV/cm
only are considered since tunneling out can be observed at
40 kV/cm for Ld53 nm. It can be seen that a similar maxi-
mum value of Da results near the respective fundament

FIG. 2. Absorption coefficient wavelength spectra for TE polarization for an
In0.2Ga0.8As/GaAssingleQW with Lz510 nm, for variousvaluesof applied
field: F50 kV/cm ~solid!, 10 kV/cm ~long-dash!, 20 kV/cm ~dotted!, 30
kV/cm ~short-dash!, and 40 kV/cm ~dot-dash!, for ~a! Ld50, and ~b! Ld
53 nm.
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absorption edge in the two cases Ld50 nm with F540
kV/cm, and Ld53 nm with F5 30 kV/cm. This implies that
the same maximum Da can be achieved in the disordered
structure at a lower operating voltage. This enhancement in
electroabsorption can also be seen by comparing the maxi-
mum Da for the as-grown and disordered QW at the sam
applied field. At F530 kV/cm, the maximum Da for the
disordered QW is 30% larger than that of the as-grown QW.
Ideally this implies an improved on/off ratio for the same
waveguide modulator length or a reduced device length for
the same on/off ratio, the latter being particularly attractive
in high speed optoelectronic circuit applications.

In conclusion, we have modeled the effects of disorder-
ing and strain on the quantum-confined Stark shift in an
InGaAs/GaAs single QW. The results presented show that
for a sufficiently large value of Ld the exciton Stark shift in

FIG. 3. Change in absorption coefficient for TE polarization Da, with ap-
plied field, for an In0.2Ga0.8As/GaAs single QW with Lz510 nm, where
Da5a(F)2a(F50), for various values of applied field:F510 kV/cm
~long-dash!, 20 kV/cm ~dotted!, 30 kV/cm ~dot-dash!, and 40 kV/cm ~short-
dash!, for ~a! Ld50, and ~b! Ld53 nm.
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the disordered QW is greater than in the as-grown QW. For
theQW considered here, theStark shift is enhanced by about
65% for Ld53 nm at F530 kV/cm. The corresponding
change in maximum Da when an electric field is applied for
the disordered QW is 30% larger than that of the as-grown
QW. This implies that for wavelengths around 1 mm, disor-
dered, strained InGaAs/GaAs QWs could lead to an im-
proved on/off ratio or reduced device length in waveguide
modulators.

This work is supported in part by the HKU-CRCG
Grant.

1S. Schmitt-Rink, D. S. Chemla, and D. A. B. Miller, Adv. Phys. 38, 89
~1989!.

2J. S. Weiner, D. A. B. Miller, D. S. Chemla, T. C. Damen, C. A. Burrus, T.
H. Wood, A. C. Gossard, and W. Wiegmann, Appl. Phys. Lett. 47, 1148
~1985!.

3W. Dobbelaere, S. Kalem, D. Huang, M. S. Ünlü, and H. Morkoç, Elec-
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