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Indium segregation effects in„111…B-grown „In,Ga…As/GaAs piezoelectric quantum wells

Philippe Ballet,* Pierre Disseix, Joe¨l Leymarie, AiméVasson, and Anne-Marie Vasson
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The effect of indium surface segregation on electronic states and excitonic properties is investigated experi-
mentally and theoretically in~111!B-grown ~In,Ga!As/GaAs strained piezoelectric quantum wells. Thermally
detected optical absorption and electroreflectance experiments are performed on two samples grown by mo-
lecular beam epitaxy and containing 7 and 14 wells. Excitonic energies and oscillator strengths are calculated
by a variational method within the effective mass approximation. The influence of indium segregation on the
piezoelectric field strength and the oscillator strength of excitonic transitions is analyzed.
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The growth of high-quality ~111!B-grown ~In,Ga!As/
GaAs piezoelectric quantum wells is crucial for the fabric
tion of blue-shifting electroabsorption modulators, bistabl
and low threshold lasers potentially interesting for mon
lithic blue-green sources.1–4 To our knowledge, the influenc
of indium segregation on the electronic properties of su
heterostructures is yet to be investigated. A number of s
ies concerning~111!B-grown ~InxGa12x!As/GaAs multiple
quantum wells~MQW’s! have shown a piezoelectric fiel
value 30% weaker than the theoretical predictions which
sumed perfectly abrupt interfaces.5–7 Because it is now well
established that strong indium surface segregation occu
this system, we investigate the optical effects of modifyi
the indium composition profile over a large number
monolayers.8–9

We report a quantitative analysis of the effects of t
indium segregation on the electronic and excitonic proper
of two In0.15Ga0.85As/GaAs MQW’s. The samples are la
beled sample 1 and sample 2 and have 7 and 14 wells
spectively. Both samples were grown using molecular be
epitaxy~MBE! on n1 ~111!B GaAs substrate misoriented 2
toward the@211# axis. The detailed sample structure is
follows: a layer of 0.3mm of n1 GaAs, a 0.735mm GaAs
undoped region in which the 100 Å InxGa12xAs/150 Å GaAs
MQW’s are incorporated centrally, and 0.3mm of p1 GaAs.
Mesa photodiodes 400mm in diameter allow an optical ac
cess through an annular contact on thep1 region. According
to a pyrometer, the substrate temperature during the gro
of the quantum wells is 535 °C. The growth rate, of appro
mately one monolayer per second, was measuared by m
toring the reflection high-energy electron diffractio
~RHEED! oscillations provided by a reference sample gro
on a ~100! GaAs substrate.

Thermally detected optical absorption~TDOA! and elec-
troreflectance~ER! spectra taken from sample 1 are shown
Fig. 1. TDOA is a nonconventional technique based on
detection of the nonradiative de-excitation occurring af
absorption. The heating of the sample induced by such n
radiative recombinations is detected at liquid helium te
PRB 590163-1829/99/59~8!/5308~4!/$15.00
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peratures by using a germanium thermometer. TDOA d
directly provide the positions of excitonic transitions fro
the absorption maxima. Three transitions are detected
volving the fundamental levels of electrons (e1) and levels
of heavy holes (hhi with i51,2,3!. The monotonic increase

FIG. 1. TDOA spectrum and ER spectra as a function of
reverse applied voltage in the range of 1.50 to 12.75 V, obtai
from sample 1. Vertical lines indicate the energy position of ex
tons. These energy positions have been obtained from the inte
maxima in the absorption lines and from a fitting procedure of
ER spectra.
R5308 ©1999 The American Physical Society
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of the TDOA signal as the energy of the incident photon
increased is attributed to absorption into impurity leve
TDOA enables very weak signals occurring in the high el
tric field regime to be detected. At zero volt applied bias,
could detect no transitions associated with the wells beca
of the weak oscillator strengths and also because of the
sibility that carriers recombine in the GaAs barriers whe
the electric field is weaker.

ER spectra are shown for several reverse bias voltage
the range of 1.50 to 12.75 V where excitonic oscilla
strengths are strong enough to enable the signal to be lo
ized accurately. At low voltages~stong in-well electric field!,
excitonic transitions forbidden from classical selection ru
could have comparable or larger intensities than those of
fundamental transition. When the bias increases, the fun
mental transition becomes more prominent. When the
plied bias is strong enough to cancel the in-well electric fie
the excitonic transitions withDnÞ0 disappear. Since th
in-well electric field is responsible for the transition ener
shifts through the quantum confined Stark effect, it is p
sible to locate the flat band configuration by the maximum
the fundamental excitonic energy. Finally, the damping
the excitonic features that is clearly seen at very high bia
attributed to carrier escape through the barrier potential
via field assisted tunneling.10

In order to obtain the characteristics of the excitons fr
the ER spectra, we have analyzed the shapes of these sp
through a multilayer model based on the calculation of
reflection coefficient. The variation of this coefficient in
duced by the modulation of the electric field is calculat
literally by a simple derivation with respect to the dielect
function that is modeled by a standard damped oscilla
Changes in this dielectric function are evaluated by a fi
derivative expression with respect to the oscillator para
eters: energy, broadening, and oscillator strength.11

From the examination of Fig. 1, it is difficult to determin
accurately the value of the voltage corresponding to the
band configuration. Therefore, we have used a model in
effective mass approximation to calculate the energy lev
and wave functions in the presence of electric fields. T
model is coupled with a variational calculation of the ex
tonic binding energy and oscillator strength. The excito
trial function used has the following form:

F~ze ,zh ,r eh!5we~ze!wh~zh!exp@2„r eh
2 1~ze2zh!2

…

1/2/l#.

~1!

The relative distance between the two particles in the la
plane is given byr eh , andze ,zh are the coordinates of th
electron and hole along the quantization direction, a
we(ze), wh(zh) their envelope functions, respectively. Th
exciton binding energy is determined by minimizing t
quantity ^FuHexcuF&/^FuF& with respect to the variationa
parameterl; Hexc represents the excitonic Hamiltonian.

It has been shown that these calculations using ab
interfaces and taking the in-well electric field as an adju
able parameter lead to a piezoelectric field discontinuity
165 kV cm21. This results in a poor description of the beha
ior of the excitonic transitions involving excited levels
holes.12 The theoretical value for the piezoelectric fieldFpiezo
is 225 kV cm21 for x50.15, and for a piezoelectric consta
s
.
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e14 deduced from a linear interpolation between the values
those of the two binaries, InAs and GaAs, at room tempe
ture.

Indium surface segregation, which occurs during t
MBE growth, can be invoked to explain this discrepanc
The resulting chemical modulation strongly modifies t
band structure of the quantum wells and thus the ene
levels. This segregation is an exchange mechanism betw
the surface and the bulk phases. Indium atoms are
bounds than gallium atoms and thus the indium fraction
the surface monolayer becomes larger than that in the b
In order to build the concentration profile, a thermodynam
cal equilibrium segregation model appears to be releva9

For the high temperature-grown samples investigated h
Dehaeseet al. have shown that there are no kinetic limit
tions to the segregation phenomenon.13 Assuming that the
exchange of atoms is limited to the last nucleated monola
~bulk phase! and the surface adatoms, surface and bulk
dium fractionsxs andxb are linked by

xs~12xb!/xb~12xs!5a/~12a!, ~2!

wherea is an exchange coefficient that incorporates all
causes of segregation, such as the difference between
bulk and surface free energies. In this treatment, the mo
layer thickness is defined by the width separating two s
cessive planes containing indium atoms and can be ca
lated to bea0 /A3, wherea0 is the lattice parameter of th
GaAs substrate.

In the band structure calculations, strain, piezoelec
field, and effective masses are calculated in all monolay
which contain indium atoms. Thee14 value, which varies
with the indium concentration, is estimated in each mon
layer. We assume a linear variation with the indium comp
sition and we use the same fractions of thee14 values of the
two binaries to determine the slope. The in-well and barr
electric fields are calculated by considering that a well c
sists of a set of monolayers, each containing a different
dium fraction. For each well, there arenML monolayers
which contain indium atoms; monolayeri has a thickness
l W( i ) and a piezoelectric fieldFpiezo( i ). If N is the number of
wells within the MQW structure, the total potential dro
across the intrinsic region caused by the p-i-n field (Vpin)
and eventually by the applied electric field (Vapp) can be
expressed as the sum of the potential variations across
barriers and the wells:

Vapp1Vpin5LbFb1N(
i 51

nML

l W~ i !Fpiezo~ i !, ~3!

whereLb is the total width of pure GaAs. The piezoelectr
field discontinuity in each monolayer can be related to
total electric field in this monolayerFW( i ) by

Fpiezo~ i !5Fb2FW~ i !. ~4!

From Eqs.~3! and ~4! it is possible to evaluateFW( i ) for
each monolayer and therefore to build the band structur
the MQW’s.

The exchange coefficient used to fit the experimental d
is taken to be 0.95. It provides segregation energies con
tent with previous values reported in the literature for~100!
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InxGa12xAs/GaAs heterostructures.9,14–15 Indium segrega-
tion blueshifts the fundamental transition energy and
creases the electron and heavy hole wave function overla
reported by Disseixet al. in the case of~100! growth.16 This
phenomenon is enhanced in the piezoelectric~111! quantum
wells by the presence of a strong electric field: the he
hole wave function is pushed toward the center of the w
increasing the overlap.

Figure 2 shows the experimental energies deduced f
the TDOA and ER experiments as a function of applied b
for sample 2. Theoretical fits are also displayed conside
abrupt or gradual interfaces due to segregation proces
These adjustments include the binding energy variation
duced by changes in the in-well electric field by bias. In t
case of segregation the binding energies have been rec
lated because of the modified carrier localization. The tr
sitions involving excited levels of heavy holes are better
scribed if segregation is included. This is due to the fact t
segregation widens the top of the wells leading to the n
rowing of the heavy hole levels. In this way, hh2 and hh3
levels are closer to the hh1 level when segregation is take
into account.

In addition, the piezoelectric field deduced from these
is larger (Fpiezo ~x50.15!5190610 kV cm21! than that in
the case of a square composition profile (Fpiezo5165 kV

FIG. 2. Experimental excitonic energies obtained by TDOA a
from ER spectra of sample 1~a! and sample 2~b! are plotted with dot
center and filled square symbols, respectively, as a function of
plied bias for the fundamental and two excited excitonic transitio
Lines are obtained by including~thick lines! or neglecting~thin
lines! indium segregation.
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610 kV cm21). This result is of fundamental interest be
cause it shows that a great part of the discrepancy betw
experimental and theoretical value of the piezoelectric fi
~220 kV cm21! can be explained by segregation. This effe
combined with the pyroelectric effect described by Bahd
et al. that e14 increases with temperature, can totally a
ccount for the disagreement in thee14 value for
InxGa12xAs.6 It has to be noted that the piezoelectric co
stant value for In0.15Ga0.85As deduced from the interpretatio
of our experimental data including the In segregation (e14
50.124 C m22) is found to be greater than the experimen
values reported in the literature.5–7,17–19

The effects of indium surface segregation on excito
properties calculated by using the trial function described
Eq. ~2! are illustrated in Fig. 3. The upper part of the figu
shows its effects on fundamental excitonic transition ener
It is worth noting that by increasing the in-well electric fie
the indium segregation blue shift is enhanced. The stron
is the quantum confined Stark effect, the strongest is
segregation effect. This behavior accounts for the obse
tions of Ilg and Ploog:8 They report a stronger blue shift o
photoluminescence peaks in the case of~111! growth axis
heterostructure than~211! or ~311!, and of course~100!
grown structures. They concluded that enhanced indium s
regation occurs by crystallographic orientation. Since the
ezoelectric field is larger in the case of~111! planes than that
in the ~211! and ~311! planes, our results demonstrate th
the increase of the energy is mostly due to the exhaltation

d

p-
s.

FIG. 3. ~a! The difference between thee1hh1 excitonic transition
energies calculated with segregation~a50.95! and without segre-
gation~a50! is reported as a function of the well width for sever
values of the in-well electric fieldF. ~b! The ratio of the corre-
sponding oscillator strengths is also reported.
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the segregation effect under built-in electric field rather th
the increase in the segregation phenomenon itself. Howe
a slight increase of the segregatin phenomenon with cry
lographic orientation can be expected assuming that the
ezoelectric field being generated reduces the incorporatio
indium into the growing InxGa12xAs layer.

Another interesting observation is that this effect of
dium segregation is observed even for very wide quan
wells. For thin wells, the trend follows that of a square w
because the carrier wave function is delocalized; so for
wells the electric field and the indium segregation effects
band structure are seen as very weak and localized pert
tion. When the well thickness increases, carriers are pu
toward opposite sides of the quantum wells. Confinemen
electrons and holes occurs even for very thick wells beca
of the strong electric field which makes the shape of
wells triangular at each side. This triangular shape and
sulting confinement energy are almost independent of
well thickness. Therefore, segregation effects under an e
tric field do not vanish for thick wells, as they do in th
absence of any electric field. To illustrate this point, Fig. 3~b!
shows the evolution of the oscillator strength ratio, defin
as the value of the oscillator strength with segregation~a
50.95!, divided by that obtained without segregation~a50!,
A
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as a function of the well thickness for the fundamentale1hh1

excitonic transition. For thin wells, the broadening of the t
of the well induced by segregation enables an enhanced
rier separation by the in-well electric field and induces
decrease of the oscillator strength ratio. For larger thi
nesses, the hole wave function is pushed toward the cent
the well because the segregation increases the wave fun
overlap and consequently the oscillator strength value.
same behavior is observed for excitonic transitions involv
excited levels such ase1hh2 or e1hh3, but in this case the
magnitude of the effect is drastically reduced because of
larger spatial extension of carriers located on hh2 and hh3
levels.

In conclusion we have shown how segregation affe
electronic states and excitonic properties in~111!B
InxGa12xAs/GaAs MQW structures. As a result, piezoele
tric field determination based on energy level calculatio
must account for this phenomenon. The electroreflecta
experiments are analyzed within this framework and thee14
value is found to be higher than the previous determinatio
It is also shown that the presence of a strong in-well elec
field enhances segregation effects by modifying its action
electronic states confined in the quantum wells.
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