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Excitonic properties in „111…B-grown „In,Ga…As/GaAs piezoelectric multiple quantum wells
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The excitonic properties in two~111!B-grown In0.15Ga0.85As multiple quantum wellp- i -n diodes, with 7
and 14 quantum wells, respectively, are investigated by thermally detected optical absorption~TDOA! and by
electroreflectance~ER! as a function of applied bias, the latter modifying the electric-field distribution in the
heterostructure. The line shapes of the ER signals are analyzed by means of a multilayer model enabling the
energies and the oscillator strengths of excitons to be deduced while the direct measurements of the energy
positions of the TDOA peaks provide an accurate determination of the excitonic transition energies at zero-
voltage applied bias. The excitonic characteristics are calculated by using a variational approach with a
two-parameter trial function. The piezoelectric field in the strained InxGa12xAs layers is determined by in-
cluding the excitonic contribution. The theoretical oscillator strengths are compared to those obtained from ER
experiments for several excitonic transitions; all the physical trends are well reproduced but it appears that a
quantitative agreement cannot be found without taking into account the in-plane valence-band mixing. A study
is also presented for the optimization of optoelectronic devices by means of a figure of merit that combines the
oscillator strength of the fundamental excitonic transition and the ability for such devices to produce the largest
energy shift for a 1-V additional applied bias.@S0163-1829~97!04447-0#
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I. INTRODUCTION

The growth of semiconducting strained layers on high
dex planes has enabled a further field of investigation to
explored in the physics of heterostructures due to the p
ence of a strong internal piezoelectric field. This piezoel
tric field results from the displacement of the anion and c
ion sublattices induced by the off-diagonal terms in t
deformation tensor and is consequently absent in the cas
growth on conventional~100! substrates. The~111! orienta-
tion offers the possibility to produce the largest piezoelec
field, which can easily exceed 100 kV cm21;1 in addition, the
critical thickness is increased with respect to the~100!
growth and thus enables thicker multiple quantum-w
structures to be grown.2

The effects of such a strong piezoelectric field on the b
structure, leading to large energy shifts and to optical n
linearity, are used to design electro-optic devices.3–5 The op-
timization of their performances imposes the knowledge
the piezoelectric field effects on the excitonic properties
such structures. The most important consequence of the
well electric field is the reduction of the electron and ho
wave-function overlap by pushing back the carriers to
opposite sides of the well. This phenomenon induces la
decreases in the exciton binding energy and oscilla
strength of the fundamental exciton. It is enhanced when
well is thick and can even lead to the formation of a qua
type-II configuration.6

Another important effect of the internal electric field
breaking of the symmetry along the growth direction. In th
case, transitions forbidden from the classical selection ru
are now allowed and the associated oscillator strengths
560163-1829/97/56~23!/15202~9!/$10.00
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be larger than that of the fundamental exciton if the in-w
field is sufficiently strong~typically 100 kV cm21!.

Since the electro-optic devices mentioned above use
quantum-confined Stark effect~QCSE!, which produces a
large energy shift of the band edge, their efficiency could
proportional to the magnitude of the in-well electric fiel
However, the larger the piezoelectric field the larger the
in the oscillator strength for the fundamental excitonic tra
sition that dominates the band edge.

In this work, in order to detect the different exciton
transitions, we have carried out thermally detected opt
absorption~TDOA! and electroreflectance~ER! experiments
on two InxGa12xAs/GaAs multiple-quantum-wellp- i -n di-
odes grown on~111!B substrates. The piezoelectric field
determined by compensating the in-well field by means o
bias voltage. The effects of the piezoelectric field on t
excitonic properties are investigated through a variatio
method. The oscillator strengths for the fundamental a
some excited transitions, determined from our experime
and calculated theoretically, are compared within the ra
of the reverse applied bias investigated. Finally, in order
determine quantitatively the capability of piezoelectric h
erostructures to produce the largest energy shifts comb
with the largest oscillator strength, we present a figure
merit. This characterizes the type of structure investiga
here; it is equivalent to that defined by Rodriguez-Giron
and Rees for all optical non-linear devices.7

II. EXPERIMENTAL DETAILS

In0.15Ga0.85As/GaAs multiple quantum wellp- i -n diodes
have been grown by molecular beam epitaxy on the B fac
15 202 © 1997 The American Physical Society
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56 15 203EXCITONIC PROPERTIES IN~111!B-GROWN . . .
n1 ~111! GaAs substrates tilted by 2° towards (211) for an
enhanced crystal quality.8 The n1 and surfacep1 layers of
the diodes consist of 3-mm GaAs, Si and Be doped, respe
tively; the nominal dopant concentrations, confirmed
C(V) measurements are 231018 cm23. Wells of 100 Å
width are incorporated centrally in the intrinsic GaAs regi
and are separated by 150-Å GaAs barriers. Details conc
ing growth conditions are available in Ref. 9.

The two samples investigated here differ only by t
number of wellsN, namely, 7 in sample 1 and 14 in samp
2. The length~7350 Å! of the intrinsic region is the same fo
the two samples leading to an equivalent built-in elec
field. In order to allow for the potential drop across the
odes, the electric fields are shared between the wells
barriers as described by Pablaet al.10 This sharing of the
piezoelectric field induces a larger in-well field in the sam
containing the smallest number of wells leading to a stron
QCSE. In this way, the excitonic transition energies
sample 1 are expected to be smaller than those in samp

TDOA is a nonconventional technique based on the
tection of the temperature rise of the sample caused by p
non emission due to nonradiative de-excitation occurring
ter optical absorption. This heating is detected at liqu
helium temperatures~typically 0.35 K! by a germanium
resistor thermometer. This method enables tempera
variations much less than 1023 K to be detected and it is
thus very appropriate for studying weak absorptions occ
ring in the high electric field regime. The monochroma
light source is a halogen lamp followed by a HR 640 Job
Yvon monochromator, which provides a weak excitati
power that prevents any optical screening of the in-well el
tric field. Details concerning the experimental setup
available in Refs. 11 and 12.

ER experiments are performed at 4 K on sample pieces in
the form of 400-mm-diameter annular diodes with a 200-mm
optical access. The modulation source is a square altern
voltage of amplitude 0.5 V. In order to balance the in-w
field, we superimpose a bias dc voltage. The excitat
source is a halogen lamp; the optical screening is limited
the addition of a filter that stops photons of energy lar
than that of the barrier gap. The modulated signal is analy
through the HR640 monochromator and detected with
liquid-nitrogen-cooled germanium detector using a stand
lock-in amplification.

III. EXPERIMENTAL RESULTS

The TDOA spectra of the two samples are displayed
Fig. 1. In order to make the analysis easier we have si
lated the monotonic increase, with photon energy, of
TDOA signal by a polynomial curve and subsequently elim
nated it by a simple subtraction. This increase of the TDO
signal is attributed to the impurity absorption front of th
GaAs barriers.

For the two samples investigated, four transitions, invo
ing the first (e1) and second (e2) levels of electrons and th
first (hh1), second (hh2), and third (hh3) levels of heavy
holes are detected. For sample 2, the wide structure obse
at higher energy corresponds to the superposition of sev
transitions such ase2hh2, e1hh4,..., which are close in ener
gies and in oscillator strengths. It is worth noting that t
y
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intensities of the transitions forbidden from the classical
lection rules may be of the same order of magnitude as th
of the allowed transitions; this is the signature of the pr
ence of a large in-well electric field.

As expected, the transition energies of sample 1, cont
ing only 7 wells, are redshifted by a few meV with respect
those of sample 2. This fact confirms that the electric field
larger in the wells of sample 1 and offers the possibility
tailor this in-well field by a simple modification of the num
ber of wells in such heterostructures.

Figure 2 shows the evolution of the ER spectra of sam
1 when the applied bias is varied from 0 to 12 V. The ins
indicates how this bias influences the band structure; the
plied electric field balances progressively the in-well fie
until reaching the flat well conditions and then reverses
The spectra are noisy because of the reduced optical ac
imposed by the processing of the samples but excitonic
tures associated with GaAs and with confined states up
e2hh2 are well defined. One can follow the position and i
tensity changes of the fundamental exciton signal from 1.5
12 V; the maximum in the transition energy indicates that
flat band configuration in the wells has been reached. T
situation occurs for voltages near to 10 V. In this case,
lack of in-well electric field leads to the vanishing of th
forbidden transitions. At lower voltages, the fundamental a
excited transitions can be detected together. For a 3-V
plied bias, their intensities are of the same order; for
smaller applied bias, corresponding to larger in-well fie

FIG. 1. TDOA spectra of sample 1 (N57) ~a! and sample 2
(N514) ~b!. To facilitate the analysis, a baseline~dashed! corre-
sponding to the impurity absorption front of the GaAs barriers h
been removed. The result of the subtraction is shown after amp
cation at the bottom of each part of the figure.
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the magnitudes of the forbidden transitions become stron
than that of the fundamental transition. However, for t
largest in-well fields~without applied bias!, all transitions
associated with the wells disappear. This shows that for v
strong electric fields, all transition probabilities are wea
This vanishing of the excitonic features of the wells can
also related to the strong GaAs excitonic signal, which in
cates that many carriers recombine in the barrier reg
where the electric field is weaker.

Another effect of increasing the bias is the increase of
barrier field. From the top part of the inset in Fig. 2 it can
seen that, for a strong barrier electric field, the potential d
continuity forms a tip through which the carriers may esca
In this case, the states are no longer quasibound but bec
resonant. This phenomenon is responsible for the dampin
the excitonic features and leads to their complete vanish
for applied voltages larger than 12 V.

In order to have a precise knowledge of the energy p
tions of all excitonic transitions in the ER spectra, we ha
used a model that is based on a calculation of the reflec
coefficientr and on the determination of its variations wi
electrical modulation. The reflection coefficient is written a
gebraically by considering the different reflections and tra
missions at the interfaces between successive layers of
ferent optical indices taking into account the differe
dephasing terms provided when the light goes through
layers of the heterostructure. The reflectanceR can be ex-
pressed as the square modulus of the reflection coeffic

FIG. 2. ER spectra of sample 1 for different values of appl
bias (Vapp) between 0 and 12 V. Spectra are shifted for clarity. T
inset shows the potential profiles of one of the wells for differe
values of applied voltage.
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and taken as a function of the real and imaginary parts of
dielectric functione1 ande2 in the form

R~e1 ,e2!5rr * .

The modulation voltage in the ER experiments modifi
the electric field inside the sample and thus also modifies
reflectance by mean of the dielectric function. In the case
heterostructures, the change in reflection can be express
terms of the first derivative of the dielectric function leadin
to the well-known expression13

DR

R
5

1

R

]R

]e1
De11

1

R

]R

]e2
De2 .

It can be written algebraically by one derivative of th
reflectance with respect toe1 ande2 . Finally, the dielectric
function is modeled by a standard damped Lorentzian os
lator including three adjustable parameters:Eexc, which is
the energy of the oscillator,g, a phenomenological dampin
parameter, andA, the integrated intensity. The latter can b
related to the oscillator strength by matching the absorp
coefficient obtained from classical and semiclassi
theories.14

A change in the electric fieldDF induced by a change in
the modulated voltageDV leads to a modification in the
dielectric function given by

De5
]e

]Eexc
F]Eexc

]F GDF1
]e

]g F ]g

]F GDF1
]e

]A F]A

]F GDF.

The three terms in square brackets correspond to the di
ent mechanisms of modulation and give the shape of
spectra.

Modulation spectroscopy is a relevant technique for o
study because the magnitudes of the excitonic signals
tained depend upon the modulation efficiencies.15 Since the
modulation spectra in the case of heterostructures are of
derivative type and since the dominating modulation mec
nism involves the excitonic energyEexc,

13 the magnitude
can be expressed as the productf osc(]Eexc/]F) wheref osc is
the oscillator strength of the excitonic transition. In this wa
it is expected that no transitions could be detected for
bias corresponding to the exact flat well because the t
]Eexc/]F vanishes. This can be used to locate the flat ba
configuration with a high precision leading to an accur
determination of the in-well field strength. Unfortunately, w
have never found such a flat spectrum. This is due to the
that the band structure is not perfectly symmetric becaus
the presence of a strong barrier electric field. In addition,
such a bias, the damping of the excitonic features increa
leading to the contribution of the second modulation te
]g/]F.

IV. THEORY

We have considered a free-standing heterostructure
that the strain is entirely accommodated by the quant
wells.16 The strain tensor has been determined from the
malism described by Yanget al. giving analytical expres-
sions of the deformation tensor for an arbitrarily orient
substrate.17 We have applied this formalism to the case o

t
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TABLE I. Parameters used to calculate the transition energies.

a0

~Å!
C11

(N/m2)
C12

(N/m2)
C44

(N/m2)
a

~eV!
d

~eV!
me

(m0)
g1 g3 Dso

~eV!
e

InAs 6.0584a 8.33a 4.53a 3.96a 25.9a 23.6a 0.060c 19.67a 2.73a 0.380a 15.15a

GaAs 5.6533a 11.88a 5.38a 5.99a 28.16b 25.4a 0.0667a 6.85a 9.29a 0.341a 12.50a

aReference 18.
bReference 19.
cReference 20.
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pure @111# direction and to that of a tilt of 2° towards th
@21̄ 1̄# direction and found a piezoelectric field differen
less than 1% between the two cases. Therefore, we have
considered the case of a pure~111!B growth axis to investi-
gate theoretically the electronic properties of such system

The parameters used for the calculation of the transi
energies are listed in Table I. The effective masses of
heavy holes in the growth direction are determined from
Luttinger-Kohn Hamiltonian@mhh'5m0 /(g122g3)#.21 The
light holes play no role in our spectroscopy results beca
they are resonant with the GaAs barriers for the indium co
position investigated. The effective masses for electrons
those related to the~100! growth axis assuming that the e
fect of the growth direction on the band structure is mai
confined to the valence band.22,23The effects of the strain on
the energy gap are taken into account;24 the unstrained well
gap is deduced from the Goetz relation.25 All the alloy pa-
rameters are deduced from those of the binary constitu
by using Vegard’s law.

To calculate eigenenergies and the associated wave f
tions, we have used a staircase approximation within
transfer matrix formalism, which is very appropriate to stu
irregular potentials such those provided by electric field26

The potential is discretized in stairs; the length of one sta
typically the monolayer thickness and its height represe
the potential variation induced by the electric field.

In order to evaluate the effects of strong internal elec
fields on the excitonic properties, the transfer matrix form
ism has been combined with a variational method.27,28 The
total Hamiltonian of the excitonHexc can be expressed as
sum of three contributions:

Hexc5He1Hh1Heh .

He andHh are the classical Hamiltonians of the electron a
the hole in the presence of a longitudinal electric field a
Heh contains the kinetic energy and Coulomb terms such

Heh52
\2

2m
Dr2

e2

4pee0r
,

where r is the distance between the two carriers,r is the
radial component in the cylindrical coordinates,m represents
the reduced exciton effective mass in the layer plane ande is
the relative dielectric constant.

The hole in-plane effective mass is determined by
glecting the longitudinal component of the wave-vector
the Luttinger Hamiltonian. This approximation leads to t
expressionmhhi5m0 /(g11g3); the implications of this ap-
nly
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proximation are discussed in the next section. The dielec
constant in the InxGa12xAs layers is determined by a linea
interpolation~see Table I!.

The excitonic trial wave function contains two variation
parametersa andl and takes the form:

Fexc~ze ,zh ,r!5we~ze!wh~zh!expS 2
Ar21a~ze2zh!2

l D .

ze , zh , we , andwh are the coordinates of the electron a
hole along the quantization direction and their envelo
functions, respectively. The parameterl is a measure of the
exciton Bohr radius anda stands for the exciton dimension
ality. The limiting two-dimensional~2D, a50! and three-
dimensional~3D, a51! excitons in an InxGa12xAs/GaAs
quantum well, in the presence of longitudinal internal ele
tric fields, have been studied frequently,29,30 but Andréet al.
have shown thata takes intermediate values in the case
II-VI compounds.6

The binding energy is calculated numerically by minimi
ing the total energy of the exciton. The oscillator strength
then deduced from the expression:

f osc}
^we~ze!uwh~zh!&2

^FexcuFexc&
.

The variations with the well width have been calculated
an In0.15Ga0.85As quantum well, with 120 kV cm21 in-well
field (Fw) and 40 kV cm21 barrier opposite field (Fb) and
are plotted in Fig. 3 for the fundamental and first excit
excitons. The lowest limit for thicknesses is 30 Å becau
the electrons become no longer localized in the well but
cape through the potential tips induced by the barrier fie
The results are compared to these for a fundamental exc
in an equivalent structure without any electric field. One c
see that the binding energy and oscillator strength of excit
strongly decrease with well width because of the enhan
carrier separation leading to a quasi-type-II configurati
For thicknesses larger than 150 Å, thee1hh1 and e1hh2
wave-function overlap reaches a zero value. With increas
well width, the dimensionality parametera first follows the
evolution of that in a square quantum well in the regi
where the confinement effects are predominant; the elec
field perturbation is not seen by the carriers that are stron
delocalized for small well widths. Note that, in this case, t
major effect of an electric field in a quantum structure, whi
is to allow transitions forbidden from classical selecti
rules, vanishes. When the thickness increases above 10
the electrons and holes are pushed towards opposite sid
the quantum well leading to a drastic decrease of the C
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lombic interaction between the two carriers. This induce
2D character for the exciton and explains the continuous
crease ofa. The e1hh2 exciton exhibits the same behavio
as these corresponding toe1hh1, but due to the larger exten
sion of the wave function of the second level of hole, t
overlap remains and begins to decrease for larger quan
well thicknesses than fore1hh1.

V. RESULTS AND DISCUSSION

The experimental transition energies of the fundame
exciton in samples 1 and 2 and the second and third exc
excitons in sample 2, obtained from both TDOA and ER
plotted as a function of applied bias in Fig. 4. There is a go
agreement between the results from the two spectrosc
techniques; the slight difference between the TDOA data
extrapolations of the energy values deduced from ER
zero bias are attributed to inhomogeneities in the quant

FIG. 3. Variations with well width of the oscillator strength~a!,
binding energy~b!, and exciton dimensionality~c! obtained with the
two variational parameter excitonic trial function. Solid lines cor
spond toe1hh1 ~thick lines! and e1hh2 ~thin lines! excitons in a
piezoelectric quantum well in the intrinsic region of ap- i -n diode
and the dashed lines represent the results calculated for a pe
square well with equivalent characteristics. The electric field lim
the study to well width larger than 30 Å; under this limit the sta
are no longer bound.
a
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well thicknesses.~The pieces of the samples used for TDO
are different from these processed for ER.! It can be seen tha
there is an inversion of the curvature of the ER energy
small voltages ('2 V). This is due to screening effects; a
low bias voltages, the in-well field is stronger and therefo
the in-well screening efficiency is a maximum, becomi
sufficiently large to increase the excitonic energies by red
ing the QCSE.

The best fit to the experimental data is plotted in Fig
and concentrates on the fundamental exciton because
possible to locate the bias and energy positions of the
band in the latter case and because the curvature of the
perimental points for thee1hh2 ande1hh3 excitonic energies
cannot be well reproduced with any set of fitting paramete
The energy differences betweene1hh2-e1hh1 and
e1hh3-e1hh1 transitions are too large. In addition, th
maxima of the theoretical curves occur at lower voltages
e1hh2 ande1hh3 than fore1hh1. These two behaviors sugge
that indium surface segregation may occur; its effects ar
increase the well width narrowing the sublevels, and to bl
shift the excitonic energies enabling the in-well electric fie
to be increased in our model to push the theoretical curve
the excited excitons to larger bias voltages. This point is n
under investigation.

Nevertheless, good agreement is found for the fundam

-

ect
s

FIG. 4. Experimental excitonic transition energies deduced fr
TDOA ~squares! and from fits to ER spectra~circles! for sample 1
~filled symbols! and sample 2~hollow symbols!. The lines are from
theoretical calculations with wells of 95-Å width, indium compos
tion is x50.143 for sample 1 andx50.144 for sample 2; the pi-
ezoelectric discontinuity is taken to be 165 kV cm21. The experi-
mental and theoretical results fore1hh2 ande1hh3 for sample 1 are
not plotted for clarity; they exhibit the same behaviors as those
sample 2.
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tal exciton in both samples. The parameters used to fit
experimental data are close to the nominal values given
the growth sequences. In agreement with the fits to ER s
tra, the width of the wellsLw is estimated to be 95 Å for the
two samples. The indium compositionx is then found to be
0.143 for sample 1 and 0.144 for sample 2. These two v
ables,x andLw , are evaluated simultaneously by consid
ing the energies of the flat band configuration, which can
located unambiguously from the top of the experimen
curves plotted in Fig. 4. Thus we assume that the barrier fi
does not influence the exciton energy,7 therefore the pair
(x,Lw) is determined by calculations for a perfect squa
well. The third adjustable parameter is the piezoelectric fi
in the InxGa12xAs layers; this electric field arises from th
product of a piezoelectric constant and a term including
displacements of atoms under a field of deformations
duced by the lattice mismatch. Note that if one assumes
the piezoelectric constant of the alloy can be calculated b
simple linear interpolation, the piezoelectric field is therefo
determined from the knowledge of the indium compositi
and is not to be taken as an adjustable parameter. In fact
piezoelectric field calculated by this formalism
220 kV cm21 for x50.144, which is inconsistent with ou
experimental results. This value must be drastically redu
to 165 kV cm21 for a correct description of the experiment
excitonic transition energies to be made. The uncertaint
the determination of the piezoelectric field from the latter
5% and is mainly due to the lack of precision in the estim
tion of the exact bias for reaching the flat band configurati
Such a discrepancy between theoretical and experime
values of the piezoelectric discontinuity has been already
ported in the literature but its origin is still unclear.15,31–33

Several authors attribute this disagreement to an approxim
knowledge of the piezoelectric constants of the bin
constituents;32,33 Tober and Bahder suggest that it may ar
from charge accumulation at the interfaces screening the
well electric field.15 Other physical effects may be mentione
such as indium surface segregation whose effects on b
structure are strongly enhanced by the presence of l
built-in electric fields. Note that the paper of Shenet al. re-
ports an experimental determination of the value of the
ezoelectric field in good agreement with the theoreti
prediction.34 However, the uncertainty given corresponds
the discrepancy between our results and the theory.

Since the in-well electric field is responsible for the shi
of the transition energies, it is necessary to reproduce exa
the curvature in experimental data for an accurate dete
nation of its value and thus of that of the piezoelectric fie
strength. The variation of the excitonic binding energy tak
an important place in this curvature. As can be seen fr
Fig. 5, the variation in the binding energy with applied bi
exceeds 2 meV. Therefore, if excitonic contributions are
taken into account via the binding energy variations w
applied bias, the piezoelectric field will be underestimat
From a practical point of view, we have plotted the bindi
energies obtained from the two variational parameter t
function and the two limited cases in Fig. 5. It can be se
that the choice of model does not really influence the
Therefore, the use of the simplest 2D model (a50) that
brings numerical results instantaneously appears to be ap
priated for a fitting procedure. The values of the two var
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tional parameters also plotted as functions of applied b
follow the physical evolution described above. The Bohr
dius increases for large in-well fields due to the enhan
spatial separation of electron and hole leading to a dra
decrease of the Coulombic interaction responsible for the
in the value of the dimensionality parameter. Note that
fall of a on the large bias side begins before reaching the
band configuration. This can be explained by the large b
rier field that attracts the carriers towards the outside of
quantum well making their wave functions nonsymmet
even in a flat well and reducing slightly their Coulomb
interaction.

All the experimental and theoretical results concern
the excitonic oscillator strength values are plotted in Fig. 6
functions of applied bias fore1hh1, e1hh2, ande1hh3 exci-
tons. The experimental points deduced from the fits to
spectra are plotted with 15% error bars; most of this relat
uncertainty is attributable to that in the damping parame
which influences drastically the evaluation of the experim
tal oscillator strength. Theoretical results are also plotted
the two limiting casesa50 anda51 and for the case wher
a is taken as a variational parameter. The curves obtaine
the latter case stand between the others, very close to
obtained by using the 3D exciton model (a51). Such a
discrepancy between experimental and theoretical oscill
strengths, which is of the order of a factor of 2, has alrea
been reported in@001#-grown InxGa12xAs/GaAs quantum
wells.27 However, Andre´ et al. found good agreement be

FIG. 5. Excitonic binding energy of the exciton in its fundame
tal state~a! and the variational parametersa andl ~b!, as functions
of the applied bias, witha50 ~2D model!, a51 ~3D model!, and
a variable~aD model!.
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tween experimental data and calculations, employing
same variational method, in the case of CdTe/CdxMn12xTe
quantum wells.6 The only difference lies in the determination
of the hole in-plane effective masses; the valence-band m
ing was not taken into account in our calculations. The a
proximation that consists of the determination of the in-pla
hole masses by a simple reduction of the Luttinger Ham
tonian of the bulk InxGa12xAs to the in-plane components o
the wave vector does not appear to be relevant for a qua
tative description of the oscillator strength of excitons
strained quantum wells.

However, our model reproduces accurately the physi
trends for the variations of the oscillator strengths with a
plied bias and therefore with in-well field. The maximum fo
each exciton is well defined and is localized at zero in-w
electric field for the fundamental exciton and at a larger fie
for e1hh3 than fore1hh2. The fact that the oscillator strength
for all excitons are weak in the high electric field regim
confirms the experimental observation that all the exciton
transitions become undetectable for bias less than 1.5 V, c
responding to in-well electric fields exceeding 100 kV cm21.

This result is of fundamental interest for the design
optoelectronic devices because it shows that increasing
in-well field for an enhanced QCSE, usable to provide lar
energy shifts, leads to a strong decrease of oscilla

FIG. 6. Oscillator strength as a function of applied bias for th
e1hh1, e1hh2, ande1hh3 excitonic transitions in samples 1 and 2
Circles with error bars are experimental data from ER experimen
lines are from variational calculations usinga51 ~dashed lines!,
a50 ~thin solid lines!, anda as a variational parameter~thick solid
lines!.
e
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e
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strengths of excitonic transitions for the fundamental exci
but also for excitons involving excited levels. It is evide
that the best device combines the largest energy shift w
the largest oscillator strength for an optimized workin
Therefore, and to follow the idea of Rodriguez-Gijones a
Rees who considered a figure of merit for all optical devic
combining screening efficiency and transition probabilit7

we define a figure of merit for optoelectronic devices tha
the product of the energy shift caused by the addition of 1
applied bias:dEexc/dV and the oscillator strengthf osc of the
exciton at the bias considered. Considering that the dev
are based on the fundamental transition, Fig. 7 shows
variation of the quantityf oscdEexc/dV with applied bias for
the e1hh1 exciton, for different number of wells with 100-Å
widths in the heterostructure and for several quantum-w
thicknesses in the case of seven wells. The excitonic t
function used to calculate this figure of merit corresponds
that for a pure 3D exciton (a51), the differences betwee
the casesa51 anda variable for exciton binding energie
and oscillator strength being very small, and the model w
a51 reduces drastically the computing time.

From Fig. 7 it is seen that the quantityf oscdE/dV passes
through a maximum at a given bias and therefore the num
of wells and the well width can be adjusted to obtain
optimized working at the command bias. The modification
the number of wells influences only the peak position b

s,

FIG. 7. Plot of the quantityf oscdE/dV, for the fundamental
transition, as a figure of merit for optoelectronic devices for 100-
thick quantum wells with varying number of wells~a!, and for a
7-well heterostructure with different quantum-well thicknesses~b!.
The piezoelectric field is taken to be 165 kV cm21.
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does not act on its shape. Furthermore, the well width pl
a role on the bias value, the damping, and the maxima of
curve. A device with narrow wells will work within a large
number of bias values but its efficiency is weaker than
wide-well-based device, which provides a very localized fi
ure of merit and therefore enables a better working in
smaller window of usable bias. In addition, wide well d
vices work at voltages near the flat band conditions and t
the working of these devices would not be perturbed by
cited excitonic transitions. Note that the number of we
plays a role because contributions from all wells add up a
thus can be used to balance a weak oscillator strength va
This effect is not taken into account in our analysis as
results are only valid for one of the wells.

VI. CONCLUSION

In this paper we have investigated experimentally a
theoretically, within a variational approach, the exciton
properties of piezoelectric multiple-quantum-wellp- i -n het-
erostructures grown along the@111# direction. The piezoelec-
tric field in the strained layers is determined by includin
excitonic contributions. Its value (165 kV cm21), which is
30% lower than the theoretical prediction, is in good agr
ment with all the studies reported in the literature. We ha
J

n

s

ys
he

a
-
a
-
us
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ls
nd
lue.
e

d
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e

shown that the quantum-well thickness influences drastic
the excitonic properties of piezoelectric quantum wells.
narrow quantum wells, the perturbation caused by the e
tric field is weak because of the extension of the carrier wa
functions. However, when the well thickness increases,
2D excitonic character is magnified for both the fundamen
and first excited excitons. Simultaneously their binding en
gies and oscillator strengths fall rapidly because of the qu
type-II configuration due to enhanced electron and hole s
tial separation. We have also shown experimentally a
theoretically how the in-well electric field affects the osc
lator strengths of excitons in adding bias voltages. This stu
confirms the allowed or forbidden characters of the excito
transitions involving fundamental and excited hole levels a
demonstrates that, for sufficiently large electric fields, t
oscillator strengths for transitions forbidden from classic
selection rules become stronger than that for the fundame
transition. In the very high electric field regime, the oscillat
strengths for all the excitonic transitions become very we
We have used a figure of merit for optoelectronic devic
combining oscillator strengths and energy shifts in order
optimize the device performances. It is clear that the k
parameter is the well width; wide-well-based devices prov
better working but reduce the usable range of bias.
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