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The excitonic properties in tw@ 11)B-grown In, 1:G& gsAS multiple quantum welp-i-n diodes, with 7
and 14 quantum wells, respectively, are investigated by thermally detected optical abs@rpiiaf) and by
electroreflectancéER) 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 straingG#_,As 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
guantitative 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 bid$0163-182807)04447-Q

[. INTRODUCTION be larger than that of the fundamental exciton if the in-well
field is sufficiently strongtypically 100 kV cm'2).

The growth of semiconducting strained layers on high in- Since the electro-optic devices mentioned above use the
dex planes has enabled a further field of investigation to bguantum-confined Stark effe¢€QCSB, which produces a
explored in the physics of heterostructures due to the predarge energy shift of the band edge, their efficiency could be
ence of a strong internal piezoelectric field. This piezoelecProportional to the magnitude of the in-well electric field.
tric field results from the displacement of the anion and catHowever, the larger the piezoelectric field the larger the fall
ion sublattices induced by the off-diagonal terms in thein the oscillator strength for the fundamental excitonic tran-
deformation tensor and is consequently absent in the case 8ftion that dominates the band edge.
growth on conventionall00) substrates. Thél11) orienta- In this work, in order to detect the different excitonic
tion offers the possibility to produce the largest piezoelectridransitions, we have carried out thermally detected optical
field, which can easily exceed 100 kV ch' in addition, the ~ absorption(TDOA) and electroreflectand&R) experiments
critical thickness is increased with respect to t®0  On two InGa _,As/GaAs multiple-quantum-welp-i-n di-
growth and thus enables thicker multiple quantum-wellodes grown or(111)B substrates. The piezoelectric field is
structures to be growh. determined by compensating the in-well field by means of a

The effects of such a strong piezoelectric field on the bandpias voltage. The effects of the piezoelectric field on the
structure, leading to large energy shifts and to optical noneXcitonic properties are investigated through a variational
linearity, are used to design electro-optic devitesThe op- method. The oscillator strengths for the fundamental and
timization of their performances imposes the know|edge ofsome excited tranSitionS, determined from our eXperimeﬂtS
the piezoelectric field effects on the excitonic properties indnd calculated theoretically, are compared within the range
such structures. The most important consequence of the iff the reverse applied bias investigated. Finally, in order to
well electric field is the reduction of the electron and holedetermine quantitatively the capability of piezoelectric het-
wave-function overlap by pushing back the carriers to theerostructures to produce the largest energy shifts combined
opposite sides of the well. This phenomenon induces larg@ith the largest oscillator strength, we present a figure of
decreases in the exciton binding energy and oscillatoferit. This characterizes the type of structure investigated
strength of the fundamental exciton. It is enhanced when thBere; it is equivalent to that defined by Rodriguez-Girones
well is thick and can even lead to the formation of a quasi-2nd Rees for all optical non-linear devices.
type-Il configuratior?.

Another important effect of the internal electric field is
breaking of the symmetry along the growth direction. In this
case, transitions forbidden from the classical selection rules Ing 15Ga gsAS/GaAs multiple qguantum welb-i-n diodes
are now allowed and the associated oscillator strengths camave been grown by molecular beam epitaxy on the B face of

Il. EXPERIMENTAL DETAILS
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n* (111) GaAs substrates tilted by 2° towardsi(® for an 1.35 1.40 1.45 1.50
enhanced crystal qualifyThe n™ and surfacep™ layers of T " T ' T i

the diodes consist of gm GaAs, Si and Be doped, respec- (a) e hih,

tively; the nominal dopant concentrations, confirmed by e1hh1e1hh2e1hh3

C(V) measurements are>210'® cm 3. Wells of 100 A
width are incorporated centrally in the intrinsic GaAs region
and are separated by 150-A GaAs barriers. Details concern-
ing growth conditions are available in Ref. 9.

The two samples investigated here differ only by the
number of wellsN, namely, 7 in sample 1 and 14 in sample
2. The length(7350 A) of the intrinsic region is the same for
the two samples leading to an equivalent built-in electric
field. In order to allow for the potential drop across the di-
odes, the electric fields are shared between the wells and
barriers as described by Patéaall® This sharing of the
piezoelectric field induces a larger in-well field in the sample
containing the smallest number of wells leading to a stronger
QCSE. In this way, the excitonic transition energies in

GaAs
Sample 1
(N=7)

TDOA signal (arbitrary units)

sample 1 are expected to be smaller than those in sample 2. PooE GaAs
TDOA is a nonconventional technique based on the de- P b Sample 2
tection of the temperature rise of the sample caused by pho- ' ; (N=14)
non emission due to nonradiative de-excitation occurring af-
ter optical absorption. This heating is detected at liquid- x10
helium temperaturegtypically 0.35 K) by a germanium . i . I L
1.35 1.40 1.45 1.50

resistor thermometer. This method enables temperature
variations much less than 18 K to be detected and it is Energy (eV)

thus very appropriate for studying weak absorptions occur-

ring in the high electric field regime. The monochromatic  FIG. 1. TDOA spectra of sample INE7) (a) and sample 2

light source is a halogen lamp followed by a HR 640 Jobin-(N=14) (b). To facilitate the analysis, a baselifgashed corre-

Yvon monochromator, which provides a weak excitationsponding to the impurity absorption front of the GaAs barriers has
power that prevents any optical screening of the in-well elecheen removed. The result of the subtraction is shown after amplifi-
tric field. Details concerning the experimental setup arecation at the bottom of each part of the figure.

available in Refs. 11 and 12.

ER experiments are performetlaK on sample pieces in intensities of the transitions forbidden from the classical se-
the form of 400um-diameter annular diodes with a 2@@a  lection rules may be of the same order of magnitude as those
optical access. The modulation source is a square alternativf the allowed transitions; this is the signature of the pres-
voltage of amplitude 0.5 V. In order to balance the in-well ence of a large in-well electric field.
field, we superimpose a bias dc voltage. The excitation As expected, the transition energies of sample 1, contain-
source is a halogen lamp; the optical screening is limited byng only 7 wells, are redshifted by a few meV with respect to
the addition of a filter that stops photons of energy largetthose of sample 2. This fact confirms that the electric field is
than that of the barrier gap. The modulated signal is analyzefirger in the wells of sample 1 and offers the possibility to
through the HR640 monochromator and detected with aailor this in-well field by a simple modification of the num-
liquid-nitrogen-cooled germanium detector using a standartber of wells in such heterostructures.
lock-in amplification. Figure 2 shows the evolution of the ER spectra of sample
1 when the applied bias is varied from 0 to 12 V. The inset
indicates how this bias influences the band structure; the ap-
plied electric field balances progressively the in-well field

The TDOA spectra of the two samples are displayed iruntil reaching the flat well conditions and then reverses it.
Fig. 1. In order to make the analysis easier we have simuThe spectra are noisy because of the reduced optical access
lated the monotonic increase, with photon energy, of themposed by the processing of the samples but excitonic fea-
TDOA signal by a polynomial curve and subsequently elimi-tures associated with GaAs and with confined states up to
nated it by a simple subtraction. This increase of the TDOAe,hh, are well defined. One can follow the position and in-
signal is attributed to the impurity absorption front of the tensity changes of the fundamental exciton signal from 1.5 to
GaAs barriers. 12 V; the maximum in the transition energy indicates that the

For the two samples investigated, four transitions, involv-flat band configuration in the wells has been reached. This
ing the first ;) and secondd,) levels of electrons and the situation occurs for voltages near to 10 V. In this case, the
first (hh), second (hp, and third (hh) levels of heavy lack of in-well electric field leads to the vanishing of the
holes are detected. For sample 2, the wide structure observéarbidden transitions. At lower voltages, the fundamental and
at higher energy corresponds to the superposition of severakcited transitions can be detected together. For a 3-V ap-
transitions such as,hh,, e;hh,,..., which are close in ener- plied bias, their intensities are of the same order; for a
gies and in oscillator strengths. It is worth noting that thesmaller applied bias, corresponding to larger in-well field,

[ll. EXPERIMENTAL RESULTS
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T and taken as a function of the real and imaginary parts of the

— :
Vapp=12V 4K 12V dielectric functione; ande, in the form
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R(eq,e5)=rr*.

The modulation voltage in the ER experiments modifies

—
9V P o

7.5V /\_/ the electric field inside the sample and thus also modifies the
;@ /_/ reflectance by mean of the dielectric function. In the case of
5§ |ev heterostructures, the change in reflection can be expressed in
> _/1\/_ 6V terms of the first derivative of the dielectric function leading
g to the well-known expressidh
5 oY ad
8 ' AR 1 /R A 1 04R A
= —_— == +=— .
3 ' & Ly R Rae 1 Rae, — 2
o e,hhgy L AN
S:D h1e‘hh2\e2hh1\2 ) It can be written algebraically by one derivative of the
wi

e.h
3V l J reflectance with respect te, and e,. Finally, the dielectric
function is modeled by a standard damped Lorentzian oscil-
4 5v lator including three adjustable parametdss;., which is

the energy of the oscillatory, a phenomenological damping
parameter, and, the integrated intensity. The latter can be
related to the oscillator strength by matching the absorption

v, =0V
y Gahs coefficient obtained from classical and semiclassical
theoriest
ey A change in the electric field F induced by a change in
1.35 1.40 1.45 1.50 1.55 1.60 the modulated voltage\V leads to a modification in the
Energy (eV) dielectric function given by
FIG. 2. ER spectra of sample 1 for different values of applied A .= ad Eexc f a_y AF + f %}AF.
bias (V,p) between 0 and 12 V. Spectra are shifted for clarity. The OEexc| JF dy | dF oA | oF

inset shows the potential profiles of one of the wells for different

values of applied voltage. The three terms in square brackets correspond to the differ-

ent mechanisms of modulation and give the shape of the
spectra.
the magnitudes of the forbidden transitions become stronger Modulation spectroscopy is a relevant technique for our
than that of the fundamental transition. However, for thestudy because the magnitudes of the excitonic signals ob-
largest in-well fields(without applied biag all transitions tained depend upon the modulation efficien¢feSince the
associated with the wells disappear. This shows that for verynodulation spectra in the case of heterostructures are of first
strong electric fields, all transition probabilities are weak.derivative type and since the dominating modulation mecha-
This vanishing of the excitonic features of the wells can benism involves the excitonic energi,.,*> the magnitude
also related to the strong GaAs excitonic signal, which indi-can be expressed as the prodigt( JE.,./IF) wheref ... is
cates that many carriers recombine in the barrier regiomhe oscillator strength of the excitonic transition. In this way,
where the electric field is weaker. it is expected that no transitions could be detected for the
Another effect of increasing the bias is the increase of théyias corresponding to the exact flat well because the term
barrier field. From the top part of the inset in Fig. 2 it can begE,,/dF vanishes. This can be used to locate the flat band
seen that, for a strong barrier electric field, the potential disconfiguration with a high precision leading to an accurate
continuity forms a tip through which the carriers may escapedetermination of the in-well field strength. Unfortunately, we
In this case, the states are no longer quasibound but becorhave never found such a flat spectrum. This is due to the fact
resonant. This phenomenon is responsible for the damping @hat the band structure is not perfectly symmetric because of
the excitonic features and leads to their complete vanishinghe presence of a strong barrier electric field. In addition, for
for applied voltages larger than 12 V. such a bias, the damping of the excitonic features increases,
In order to have a precise knowledge of the energy positeading to the contribution of the second modulation term
tions of all excitonic transitions in the ER spectra, we havegy/gF.
used a model that is based on a calculation of the reflection
coefficientr and on the determination of its variations with IV. THEORY
electrical modulation. The reflection coefficient is written al-
gebraically by considering the different reflections and trans- We have considered a free-standing heterostructure so
missions at the interfaces between successive layers of difhat the strain is entirely accommodated by the quantum
ferent optical indices taking into account the differentwells!® The strain tensor has been determined from the for-
dephasing terms provided when the light goes through thenalism described by Yanet al. giving analytical expres-
layers of the heterostructure. The reflectaftean be ex- sions of the deformation tensor for an arbitrarily oriented
pressed as the square modulus of the reflection coefficiesubstraté’ We have applied this formalism to the case of a
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TABLE |. Parameters used to calculate the transition energies.

dp Cu Cyp Cus a d me 71 V3 Ago €
A) (N (N/m?) (N/m?) (V) (eV)  (my) (ev)
InNAs 6.0584 8.3% 453F 3.9¢ —-59 —-3.6 0.060c 19.67 2.7F 0.38¢ 15.1%
GaAs b5.6533a 11.88 5.3¢ 5909 -8.16 -54 0.0667 6.88% 92F 0.34F 12.5@¢

aReference 18.
bReference 19.
‘Reference 20.

pure[111] direction and to that of a tilt of 2° towards the proximation are discussed in the next section. The dielectric
[211] direction and found a piezoelectric field difference constant in the lgGa, _,As layers is determined by a linear
less than 1% between the two cases. Therefore, we have orilyterpolation(see Table)l
considered the case of a putEL1)B growth axis to investi- The excitonic trial wave function contains two variational
gate theoretically the electronic properties of such systemsparametersr and\ and takes the form:

The parameters used for the calculation of the transition
energies are listed in Table |. The effective masses of the Vp2+ a(ze—2p)°
heavy holes in the growth direction are determined from the PexdZe:zn,p)= ‘Pe(ze)%(zh)eXF{ R
Luttinger-Kohn Hamiltonia my,, =mg/(y1—2v3)].%* The
light holes play no role in our spectroscopy results because,, z,, ¢., and ¢, are the coordinates of the electron and
they are resonant with the GaAs barriers for the indium comhole along the quantization direction and their envelope
position investigated. The effective masses for electrons arkinctions, respectively. The parameleis a measure of the
those related to th€l00 growth axis assuming that the ef- exciton Bohr radius and stands for the exciton dimension-
fect of the growth direction on the band structure is mainlyality. The limiting two-dimensional2D, «=0) and three-
confined to the valence baRti>> The effects of the strain on dimensional(3D, a=1) excitons in an IpGa,_As/GaAs

the energy gap are taken into accotfhthe unstrained well
gap is deduced from the Goetz relatiorAll the alloy pa-

quantum well, in the presence of longitudinal internal elec-
tric fields, have been studied frequertiy’° but Andreet al.

rameters are deduced from those of the binary constituentsave shown thatr takes intermediate values in the case of

by using Vegard’s law.

11-VI compounds®

To calculate eigenenergies and the associated wave func- The binding energy is calculated numerically by minimiz-
tions, we have used a staircase approximation within théng the total energy of the exciton. The oscillator strength is
transfer matrix formalism, which is very appropriate to studythen deduced from the expression:
irregular potentials such those provided by electric fiéfds.
The potential is discretized in stairs; the length of one stair is (0e(Ze)| @n(zp))?
typically the monolayer thickness and its height represents m
the potential variation induced by the electric field.

In order to evaluate the effects of strong internal electricThe variations with the well width have been calculated for
fields on the excitonic properties, the transfer matrix formal-an I, ;:Ga, gsAs quantum well, with 120 kV cm® in-well
ism has been combined with a variational methot The  field (F,) and 40 kV cm* barrier opposite field K,) and
total Hamiltonian of the excitom,. can be expressed as a are plotted in Fig. 3 for the fundamental and first excited
sum of three contributions: excitons. The lowest limit for thicknesses is 30 A because
the electrons become no longer localized in the well but es-
cape through the potential tips induced by the barrier field.
The results are compared to these for a fundamental exciton

H, andH, are the classical Hamiltonians of the electron andn &0 equivalent structure without any electric field. One can
the hole in the presence of a longitudinal electric field and®€€ that the binding energy and oscillator strength of excitons

H,,, contains the kinetic energy and Coulomb terms such thagtrongdly decrease with well width because of the enhanced
carrier separation leading to a quasi-type-Il configuration.

For thicknesses larger than 150 A, tleghh, and e;hh,
wave-function overlap reaches a zero value. With increasing
well width, the dimensionality parameterfirst follows the
evolution of that in a square quantum well in the region

fOSCOC

HEXC:H9+ Hh+ Heh'

h2
Hen=— 2 Ap

eZ

dmeegr’

wherer is the distance between the two carriessis the
radial component in the cylindrical coordinatgsrepresents
the reduced exciton effective mass in the layer planeeind
the relative dielectric constant.

where the confinement effects are predominant; the electric-
field perturbation is not seen by the carriers that are strongly
delocalized for small well widths. Note that, in this case, the
major effect of an electric field in a quantum structure, which

The hole in-plane effective mass is determined by neis to allow transitions forbidden from classical selection

glecting the longitudinal component of the wave-vector inrules, vanishes. When the thickness increases above 100 A,
the Luttinger Hamiltonian. This approximation leads to thethe electrons and holes are pushed towards opposite sides of
expressiormyy =mg/(y1+ ¥3); the implications of this ap- the quantum well leading to a drastic decrease of the Cou-
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[2] . .
S osl Applied bias (V)
E
T
s 0.5 FIG. 4. Experimental excitonic transition energies deduced from
3 T TDOA (squaresand from fits to ER spectr&ircles for sample 1
i (filled symbolg and sample Zhollow symbols. The lines are from
0.4 . 1 . L 1 . 1 L theoretical calculations with wells of 95-A width, indium composi-
0 50 100 150 200 250 tion is x=0.143 for sample 1 and=0.144 for sample 2; the pi-
Well width (A) ezoelectric discontinuity is taken to be 165 kV tm The experi-

mental and theoretical results feyhh, ande;hh; for sample 1 are
not plotted for clarity; they exhibit the same behaviors as those of

FIG. 3. Variations with well width of the oscillator strengih,
sample 2.

binding energyb), and exciton dimensionalitic) obtained with the

two variational parameter excitonic trial function. Solid lines corre- . .
spond toe;hh, (thick lines and e;hh, (thin lines excitons in a well thlcknesses(The pieces of the Samples used for TDOA

piezoelectric quantum well in the intrinsic region opai-n diode  are different from these processed for ERcan be seen that

and the dashed lines represent the results calculated for a perfdétere is an inversion of the curvature of the ER energy for
square well with equivalent characteristics. The electric field limitssmall voltages £2 V). This is due to screening effects; at
the study to well width larger than 30 A; under this limit the stateslow bias voltages, the in-well field is stronger and therefore
are no longer bound. the in-well screening efficiency is a maximum, becoming
sufficiently large to increase the excitonic energies by reduc-
lombic interaction between the two carriers. This induces ang the QCSE.
2D character for the exciton and explains the continuous de- The best fit to the experimental data is plotted in Fig. 4
crease ofa. The e;hh, exciton exhibits the same behaviors and concentrates on the fundamental exciton because it is
as these corresponding éghhy, but due to the larger exten- possible to locate the bias and energy positions of the flat
sion of the wave function of the second level of hole, theband in the latter case and because the curvature of the ex-
overlap remains and begins to decrease for larger quantuperimental points for the;hh, ande;hh; excitonic energies
well thicknesses than fag; hh,. cannot be well reproduced with any set of fitting parameters.
The energy differences betweere;hhy-e;hhy and
e hhg-e;hh; transitions are too large. In addition, the
maxima of the theoretical curves occur at lower voltages for
The experimental transition energies of the fundamentaé;hh, ande;hh; than fore,hh,. These two behaviors suggest
exciton in samples 1 and 2 and the second and third excitetthat indium surface segregation may occur; its effects are to
excitons in sample 2, obtained from both TDOA and ER arancrease the well width narrowing the sublevels, and to blue-
plotted as a function of applied bias in Fig. 4. There is a goodshift the excitonic energies enabling the in-well electric field
agreement between the results from the two spectroscopto be increased in our model to push the theoretical curves of
techniques; the slight difference between the TDOA data anthe excited excitons to larger bias voltages. This point is now
extrapolations of the energy values deduced from ER founder investigation.
zero bias are attributed to inhomogeneities in the quantum- Nevertheless, good agreement is found for the fundamen-

V. RESULTS AND DISCUSSION
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tal exciton in both samples. The parameters used to fit the
experimental data are close to the nominal values given by
the growth sequences. In agreement with the fits to ER spec-
tra, the width of the well4.,, is estimated to be 95 A for the
two samples. The indium compositionis then found to be
0.143 for sample 1 and 0.144 for sample 2. These two vari-
ables,x andL,,, are evaluated simultaneously by consider-
ing the energies of the flat band configuration, which can be
located unambiguously from the top of the experimental
curves plotted in Fig. 4. Thus we assume that the barrier field
does not influence the exciton energyherefore the pair
(x,Ly) is determined by calculations for a perfect square
well. The third adjustable parameter is the piezoelectric field
in the InGa _,As layers; this electric field arises from the
product of a piezoelectric constant and a term including the
displacements of atoms under a field of deformations in-
duced by the lattice mismatch. Note that if one assumes that
the piezoelectric constant of the alloy can be calculated by a
simple linear interpolation, the piezoelectric field is therefore
determined from the knowledge of the indium composition
and is not to be taken as an adjustable parameter. In fact, the
piezoelectric field calculated by this formalism is
220 kV cm ! for x=0.144, which is inconsistent with our
experimental results. This value must be drastically reduced
to 165 kV cm ! for a correct description of the experimental
excitonic transition energies to be made. The uncertainty in
the determination of the piezoelectric field from the latter is

Binding energy (meV)

Exciton dimensionality o
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In-well electric field (kVem™)

59 32
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aD model
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47.0
—16.5

\16.0

—45.0

200

140

4 6 8 10
Applied bias (V)

12

(y) v snipes ayog uoyox3

5% and is mainly due to the lack of precision in the estima-
tion of the exact bias for reaching the flat band configuration. FIG. 5. Excitonic binding energy of the exciton in its fundamen-
Such a discrepancy between theoretical and experimentall state(a) and the variational parametessand\ (b), as functions
values of the piezoelectric discontinuity has been already resf the applied bias, witv=0 (2D mode), =1 (3D mode), and
ported in the literature but its origin is still uncle&r’*=3% & variable(aD mode).
Several authors attribute this disagreement to an approximate
knowledge of the piezoelectric constants of the binarytional parameters also plotted as functions of applied bias
constituents?*3 Tober and Bahder suggest that it may arisefollow the physical evolution described above. The Bohr ra-
from charge accumulation at the interfaces screening the irdius increases for large in-well fields due to the enhanced
well electric field!® Other physical effects may be mentioned spatial separation of electron and hole leading to a drastic
such as indium surface segregation whose effects on barttecrease of the Coulombic interaction responsible for the fall
structure are strongly enhanced by the presence of larga the value of the dimensionality parameter. Note that the
built-in electric fields. Note that the paper of Sheinal. re-  fall of « on the large bias side begins before reaching the flat
ports an experimental determination of the value of the piband configuration. This can be explained by the large bar-
ezoelectric field in good agreement with the theoreticalier field that attracts the carriers towards the outside of the
prediction®* However, the uncertainty given corresponds toquantum well making their wave functions nonsymmetric
the discrepancy between our results and the theory. even in a flat well and reducing slightly their Coulombic
Since the in-well electric field is responsible for the shiftsinteraction.
of the transition energies, it is necessary to reproduce exactly All the experimental and theoretical results concerning
the curvature in experimental data for an accurate determihe excitonic oscillator strength values are plotted in Fig. 6 as
nation of its value and thus of that of the piezoelectric fieldfunctions of applied bias foe,hh;, e;hh,, ande;hh,; exci-
strength. The variation of the excitonic binding energy takegons. The experimental points deduced from the fits to ER
an important place in this curvature. As can be seen fronspectra are plotted with 15% error bars; most of this relative
Fig. 5, the variation in the binding energy with applied biasuncertainty is attributable to that in the damping parameter,
exceeds 2 meV. Therefore, if excitonic contributions are nowhich influences drastically the evaluation of the experimen-
taken into account via the binding energy variations withtal oscillator strength. Theoretical results are also plotted for
applied bias, the piezoelectric field will be underestimatedthe two limiting casesr=0 anda=1 and for the case where
From a practical point of view, we have plotted the binding « is taken as a variational parameter. The curves obtained in
energies obtained from the two variational parameter triathe latter case stand between the others, very close to that
function and the two limited cases in Fig. 5. It can be seerobtained by using the 3D exciton modek€1). Such a
that the choice of model does not really influence the fitdiscrepancy between experimental and theoretical oscillator
Therefore, the use of the simplest 2D model<0) that strengths, which is of the order of a factor of 2, has already
brings numerical results instantaneously appears to be apprbeen reported if001]-grown InGa, _,As/GaAs quantum
priated for a fitting procedure. The values of the two varia-wells?” However, Andreet al. found good agreement be-
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FIG. 6. Oscillator streng_th as a fun_c_tion of applied bias for the gF|g. 7. Plot of the quantityf . dE/dV, for the fundamental
e:hh,, €;hh,, ande;hhy excitonic transitions in samples 1 and 2. transition, as a figure of merit for optoelectronic devices for 100-A-
Circles with error bars are experimental data from ER experimentspick quantum wells with varying number of welig), and for a
lines are from variational calculations usimg=1 (dashed lines  7.\ell heterostructure with different quantum-well thicknesé®s
Ic_u=0) (thin solid lines, and« as a variational parametéhick solid The piezoelectric field is taken to be 165 kV thn
Ines).

strengths of excitonic transitions for the fundamental exciton
tween experimental data and calculations, employing théut also for excitons involving excited levels. It is evident
same variational method, in the case of CdTeMd,_,Te that the best device combines the largest energy shift with
quantum well$. The only difference lies in the determination the largest oscillator strength for an optimized working.
of the hole in-plane effective masses; the valence-band mixFherefore, and to follow the idea of Rodriguez-Gijones and
ing was not taken into account in our calculations. The apRees who considered a figure of merit for all optical devices
proximation that consists of the determination of the in-planecombining screening efficiency and transition probabifity,
hole masses by a simple reduction of the Luttinger Hamil-we define a figure of merit for optoelectronic devices that is
tonian of the bulk IpGa, _,As to the in-plane components of the product of the energy shift caused by the addition of 1 V
the wave vector does not appear to be relevant for a quantapplied biasdE,./dV and the oscillator strength,s. of the
tative description of the oscillator strength of excitons inexciton at the bias considered. Considering that the devices
strained quantum wells. are based on the fundamental transition, Fig. 7 shows the

However, our model reproduces accurately the physicavariation of the quantityf ,d E,./dV with applied bias for
trends for the variations of the oscillator strengths with ap-the e;hh; exciton, for different number of wells with 100-A
plied bias and therefore with in-well field. The maximum for widths in the heterostructure and for several quantum-well
each exciton is well defined and is localized at zero in-wellthicknesses in the case of seven wells. The excitonic trial
electric field for the fundamental exciton and at a larger fieldfunction used to calculate this figure of merit corresponds to
for e;hhg than fore;hh,. The fact that the oscillator strengths that for a pure 3D excitond=1), the differences between
for all excitons are weak in the high electric field regimethe casesyr=1 and« variable for exciton binding energies
confirms the experimental observation that all the excitoniand oscillator strength being very small, and the model with
transitions become undetectable for bias less than 1.5 V, corr=1 reduces drastically the computing time.
responding to in-well electric fields exceeding 100 kV ¢m From Fig. 7 it is seen that the quantity,dE/dV passes

This result is of fundamental interest for the design ofthrough a maximum at a given bias and therefore the number
optoelectronic devices because it shows that increasing thef wells and the well width can be adjusted to obtain an
in-well field for an enhanced QCSE, usable to provide largeoptimized working at the command bias. The modification of
energy shifts, leads to a strong decrease of oscillatothe number of wells influences only the peak position but
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does not act on its shape. Furthermore, the well width playshown that the quantum-well thickness influences drastically
a role on the bias value, the damping, and the maxima of théhe excitonic properties of piezoelectric quantum wells. In

curve. A device with narrow wells will work within a larger narrow quantum wells, the perturbation caused by the elec-
number of bias values but its efficiency is weaker than aric field is weak because of the extension of the carrier wave
wide-well-based device, which provides a very localized fig-functions. However, when the well thickness increases, the
ure of merit and therefore enables a better working in &p excitonic character is magnified for both the fundamental
smaller window of usable bias. In addition, wide well de- anq first excited excitons. Simultaneously their binding ener-
vices work at voltages near the flat band conditions and thugies and oscillator strengths fall rapidly because of the quasi-
the working of these devices would not be perturbed by exyhe || configuration due to enhanced electron and hole spa-

cited excitonic transitions. Note that the number of wells;., separation. We have also shown experimentally and
plays a role because contributions from all wells add up an

h ; heoretically how the in-well electric field affects the oscil-
thus can be_ used to balqnce a weak o_scﬂlator stren_gth valu itor strengths of excitons in adding bias voltages. This study
This effect is not taken into account in our analysis as the . . S
results are only valid for one of the wells. confqms th_e alloyved or forbidden charact.ers of the excitonic
transitions involving fundamental and excited hole levels and

demonstrates that, for sufficiently large electric fields, the
oscillator strengths for transitions forbidden from classical

In this paper we have investigated experimentally andselection rules become stronger than that for the fundamental
theoretically, within a variational approach, the excitonictransition. In the very high electric field regime, the oscillator
properties of piezoelectric multiple-quantum-wpdii-n het-  strengths for all the excitonic transitions become very weak.
erostructures grown along th&l11] direction. The piezoelec- We have used a figure of merit for optoelectronic devices
tric field in the strained layers is determined by includingcombining oscillator strengths and energy shifts in order to
excitonic contributions. Its value (165 kV ¢r), which is  optimize the device performances. It is clear that the key
30% lower than the theoretical prediction, is in good agreeparameter is the well width; wide-well-based devices provide
ment with all the studies reported in the literature. We havebetter working but reduce the usable range of bias.

VI. CONCLUSION

*FAX: 33 4 73 40 73 40. Semicond. Sci. Techno8, 1408(1993.
Electronic address: pballet@lasmea.univ-bpclermont.fr 138 v. Shanabrook, O. J. Glembocki, and W. T. Beard, Phys. Rev.

1D. L. Smith, Solid State Commuis7, 919 (1986). B 35, 2540(1987.

2T. Anan, K. Nishi, and S. Sugou, Appl. Phys. Lefi0, 3159 L. C. Andreani and A. Pasquarello, Phys. ReviB8928(1990.
(1992. 15R. L. Tober and T. B. Bahder, Appl. Phys. LefiB, 2369(1993.

3K. W. Goossen, E. A. Caridi, T. Y. Chang, J. B. Stark, D. A. B. 1°E. A. Caridi, T. Y. Chang, K. W. Goosen, and L. F. Eastman,
Miller, and R. A. Morgan, Appl. Phys. Letb6, 715 (1990. Appl. Phys. Lett.56, 659(1990.

4l. W. Tao and W. I. Wang, Electron. Let28, 705 (1992. K. Yang, T. Anan, and L. J. Schowalter, Appl. Phys. L&8,

SA. S. Pabla, J. L. Sanchez-Rojas, J. Woodhead, R. Grey, J. P. R. 2789(1994).
David, G. J. Rees, G. Hill, M. A. Pate, P. N. Robson, R. A. ¥Semiconductors Physics of Group IV Elements and Ill-V Com-

Hoog, T. A. Fisher, A. R. K. Willckox, D. M. Whittaker, M. S. pounds O. Madelung, Landolt-Bmstein, New Series, Group
Skolnick, and D. J. Mowbray, Appl. Phys. Le@3, 752(1993. 11, Vol. 17, Pt. a(Springer, New York, 1982

®R. Andre J. Cibert, and Le Si Dang, Phys. Rev.3, 12013 °A. R. Goni, K. Stissner, K. Syassen, and M. Cardona, Phys.
(1995. Rev. B36, 1581(1987).

"p. J. Rodriguez-Girones and G. J. Rees, IEEE Photonics Technd®R. People and K. Sputz, Phys. Rev4R, 8431(1990.
Lett. 7, 71 (1995. 213, M. Luttinger, Phys. Rev102, 1030(1956.

8R. Grey, J. P. R. David, G. Hill, A. S. Pabla, M. A. Pate, G. J. 22J. Los, A. Fasolino, and A. Catellani, Phys. Rev.5B, 4630
Rees, P. N. Robson, P. J. Rodriguez-Girones, T. E. Sale, J. (1996.

Woodhead, T. A. Fisher, R. A. Hogg, D. J. Mowbray, M. S. 2°R. Winkler and A. I. Nesvizhskii, Phys. Rev. &3, 9984 (1996.
Skolnick, D. M. Whittaker, and A. R. K. Willckox, Microelec- 2*T. S. Moise, L. J. Guido, and R. C. Barker, Phys. RevB6758
tron. J.26, 811(1995. (1993.

93. P. R. David, R. Grey, G. J. Rees, A. S. Pabla, T. E. Sale, F5°K. H. Goetz, D. Bimberg, H. Jgensen, J. Selders, A. V. So-
Woodhead, J. L. Sanchez-Rojas, M. A. Pate, G. Hill, P. N. Rob- lomonov, G. F. Glinskii, and M. Razeghi, J. Appl. Phys},
son, R. A. Hogg, T. A. Fisher, M. S. Skolnick, D. M. Whittaker, 4543(1983.

A. R. K. Wilickox, and D. J. Mowbray, J. Electron. Mate&t3,  2W. W. Lui and M. Fukuma, J. Appl. Phy$0, 1555(1986.
975 (1994. 27C. Monier, P. Disseix, J. Leymarie, A. Vasson, A-M. Vasson, B.
10a, s, Pabla, J. L. Sanchez-Rojas, J. Woodhead, R. Grey, J. P. R. Courboules, C. Deparis, M. Leroux, and J. Mass&simicon-
David, G. J. Rees, G. Hill, M. A. Pate, P. N. Robson, R. A. ductor Heteroepitaxyedited by B. Gil and R. L. Aulombard
Hogg, T. A. Fisher, A. R. K. Willckox, D. M. Whittaker, M. S. (World Scientific, Singapore, 1995p. 511.
Skolnick, and D. J. Mowbray, Appl. Phys. Le@3, 752(1993. 28p_ Disseix, J. Leymarie, A. Vasson, A-M. Vasson, C. Monier, N.
11A-M. Vasson, A. Vasson, J. Leymarie, P. Disseix, P. Boring, and  Grandjean, M. Leroux, and J. Massies, Phys. Re5B2406
B. Gil, Semicond. Sci. Technog, 303(1993. (1997.
12p, Boffety, J. Leymarie, A. Vasson, A-M. Vasson, C. A. Bates, J. 2°P. Bigenwald, B. Gil, and P. Boring, Phys. Rev. 48, 9122
M. Chamberlain, J. L. Dunn, M. Henini, and O. H. Hughes, (1993.



15210 P. BALLET et al. 56

30p, Ballet, P. Disseix, A. Vasson, A-M. Vasson, and R. Grey, and E. Munoz, Appl. Phys. Let65, 2042(1994).
Microelectron. J(to be publisheyi(special issue on novel index 33p. D. Berger, C. Bru, Y. Baltagi, T. Benyattou, M. Berenguer, G.
semiconductor surfaces Guillot, X. Marcadet, and J. Nagle, Microelectron. 26, 827
31R. A. Hogg, T. A. Fisher, A. R. K. Willcox, D. M. Whittaker, M. (1995.
S. Skolnick, D. J. Mowbray, J. P. R. David, A. S. Pabla, G. J.34H, Shen, M. Dutta, W. Chang, R. Moerkirk, D. M. Kim, K. W.
Rees, R. Grey, J. Woodhead, J. L. Sanchez-Rojas, G. Hill, M. A. chung, P. P. Ruden, M. I. Nathan, and M. A. Stroscio, Appl.
Pate, and P. N. Robson, Phys. Rev4® 8491(1993. Phys. Lett.60, 2400(1992.
323, L. Sanchez-Rojas, A. Sacedon, F. Gonzalez-Sanz, E. Calleja,



