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Stark effect in strongly coupled quantum wells
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The energies and oscillator strengths of the excitonic transitions in a pair of strongly coupled

quantum wells in the GaAs/Al„Ga& „As system have been experimentally investigated as a func-

tion of electric field and compared with an e8'ective-mass calculation which neglects band mixing.

Good agreement with experiment can be obtained by taking into account nonparabolicity in the

light-hole bands. Although not readily evident in the 5eld dependence of the excitonic transition

energies, band mixing has a measurable elect on exciton linemidths. The optoelectronic device im-

plications of the Stark efrect observed in this system are briefly considered.

I. INTRODUCTION

The optical properties of semiconductors fabricated in
layers which are thin on the scale of the three-
dimensional free-exciton diameter are strongly modified
relative to those in the bulk crystals. In particular, in
type-I semiconductor quantum wells, strong spatial
confinement of both electrons and holes changes the par-
abolic energy dependence of the continuum absorption
spectrum appropriate to three dimensions into a series of
steps, and increases the exciton binding energies and os-
cillator strengths so that the excitonic features in the ab-
sorption spectrum can be clearly resolved, even at room
temperature. One of the most dramatic effects of exciton
confinement, and one which has attracted much recent
interest, concerns the application of electric fields perpen-
dicular to the layers. The lowest-energy excitonic ab-
sorption edge can be red shifted by energies greatly in ex-
cess of the binding energy while still remaining well-

resolved, an effect which is unknown in the bulk, where
the Stark shift of the ls exciton is limited to a mere 10%
of its binding energy before the resonance becomes
severely broadened by field ionization. The origin of the
persistence of exciton resonances to larger electric fields
in a quantum well lies in the fact that tunneling of the
electron and hole out of the exciton potential also neces-
sitates tunneling out of the confining conduction- and
valence-band potentials of the heterojunctions. A larger
polarization of the exciton is therefore possible before
ionization compared with the bulk semiconductor. This
quantum-confined Stark efFect' finds application in a
variety of interesting electrooptic devices such as modula-
tors ' and bistable optical switches. '

Until recently, studies of the Stark effect in multiple-
quantum-well structures have focused on the simplest
case of square wells electronically isolated from each oth-
er by thick barriers. For example, in electroabsorptive
device applications in GaAslA1„Gai „As the optimum
structure has a well width of about 10 nm, barrier widths
in excess of 5 nm and an aluminum concentration in the
barriers of about 30%. The question naturally arises as
to whether engineering of well or barrier shape and in-
terwell coupling with the atomic-scale precision afforded

by molecular-beam epitaxy can yield qualitatively
difFerent behavior and also possibly enhance certain elec-
trooptic device functions. More complicated structures
have indeed been fabricated but not usually with elec-
trooptic properties directly in mind. For example, grad-
ing of the aluminum composition has been used to pro-
duce parabolic, half-parabolic, and double-step '
quantum wells. The exciton transitions in these struc-
tures in zero external electric field have been investigated
using photoluminescence excitation spectroscopy. Pairs
of nominally identical quantum wells strongly coupled
via a thin barrier have also been studied. " ' More re-
cently, room-temperature electroabsorption in a strongly
coupled quantum-well waveguide structure' and low-

temperature luminescence excitation spectroscopy in an

asymmetric coupled-well system' have been reported. In
this paper we investigate in detail the effect of a static
perpendicular electric field on the low-temperature exci-
ton transition energies and oscillator strengths of a
symmetrical pair of strongly coupled quantum wells and
briefly consider the implications of the engineering of
well coupling for quantum electrooptic devices.

II. EXPERIMENTAL DETAILS

The sample under study was grown by molecular-beam
epitaxy to the following nominal specification: Si-doped
GaAs(100) substrate, a 0.5-pm Si-doped GaAs buffer lay-
er (10' cm ), then layers of 20 nm Ala &Gao 7As, 20 nin

GaAs, 40 nm A1Q 3GaQ 7As, 5 nm GaAs, 1.4 nm

AlQ 3GaQ, As, 5 nm GaAs, and 40 nm AlQ 3GaQ 7As. The
top seven layers were not intentionally doped. The struc-
ture is shown in the inset of Fig. 1 with slightly different
values of well and barrier width as determined by fits to
the theory described below. An electric field was applied
perpendicular to the undoped GaAs quantum wells in a
Schottky-barrier configuration formed by sputtering a
100-nm-thick, 3-mm-diameter transparent indium tin ox-
ide (ITO) electrode onto the top surface.

Luminescence spectra at 5 K were excited with 0. 1 —1

%cm of light from an argon-ion-pumped pyridine-2
dye laser, incident at 20' to the surface normal and polar-
ized in the plane of the layers and with a line width of
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FIG. 1. Photoluminescence excitation spectra of the coupled
quantum-~e11 structure shown in the inset at various applied
biases. The intensities in the spectra are scaled to agree at 730
nm.

about 0.05 meV FWHM (full width at half maximum).
Light was collected at 90' to the incident beam and spec-
trally dispersed by a 0.85-m double-grating monochroma-
tor (resolution 0.1 rneV) prior to detection using a cooled
GaAs photomultiplier and photon counting.

III. RKSUI.TS

Typical luminescence excitation spectra at di6'erent
values of reverse bias are shown in Fig. 1. The spectrom-
eter was set to detect near ihe center of the strong
luminescence peak arising from recombination of the
n =I electron —n = I heavy hole (el-It 1) "free" exciton.
This emission was Stokes shifted by about 2 meV from
the center of the e I-Ii 1 absorption presumably because of
binding to potential fluctuation arising from variations in
well width. A small portion of each spectrum (essentially
elastically scattered light), corresponding to the band
pass of the spectrometer at the detection wavelength, has
been removed from Fig. 1 for clarity. The spectra in Fig.
1 are scaled so that the intensity at 730 nm, well above
the absorption edge, is independent of field. This scaling
procedure is suggested by osciBator-strength sum rules
discussed by Miller et al. ' (their sum rule 3) and is ap-
propriate in the approxixnation that the photolumines-
cence intensity is proportional to absorption. As a check
on this the integrated intensity in the scaled spectra (from
730 nm to the e I-Ii 1 excitonic band edge) was measured

and found to be independent of the magnitude of reverse
bias to within +6% over the whole range investigated.
This finding is in accord with a more rigorous sum rule
(number 1) also discussed by Miller et al. ' and gives us
confidence in both our scaling procedure and our initial
assumption of proportionality of luminescence intensity
to absorption in the excitation spectra.

Zero electric field (i.e., fiat band) in Fig. 1 corresponds
to a bias of 1.05 V. This was inferred by assuming zero
field to be that at which both the oscillator strength and
energy of the e1-h1 transition are a maximum. This
amounts to assuming that the structure is symmetrical,
mith both wells of equal width. The bias measured in this
way is close to the saturation photovoltage obtained with
excitation above the A1,6aI, As band gap.

At zero electric field the spectrum differs markedly
from that of an isolated (barrier width ~ 10 nm) 5-nm-
mide quantum mell which has only one bound
conduction-band state with an aluminum mole fraction
x =0.30 in the barriers and shows only two symmetry-
allowed transitions (el-h1 and el-11). The strong reso-
nant coupling between the two wells in our sample splits
each electron and hole state into symmetric (bonding)
and antisymmetric (antibonding) states with the result
that the spectrum qualitatively (but not quantitatively)
resembles that expected for the 10-nm single quantum
well obtained by removing the dividing barrier. The
spectrufn at zero field shows the symmetry-allowed
el-h 1, el-ll, e2-h2, and e2-12 transitions and also a
small peak at about 1.645 eV (753.5 nm) which we assign
to the e2-11 transition. This transition is symmetry for-
bidden in the absence of band mixing but can acquire
some spectral weight when hybridization with the h2
states of the e2-h2 continuum is taken into account. A
small electric field or asymmetry in the structure could
also contribute to the strength of this transition,

Application of a perpendicular electric field has two
major efFects on the exciton structure in the luminescence
excitation spectrum. Firstly, it breaks the symmetry of
the bound states with the result that additional "forbid-
den" exciton transitions appear in the spectrum (Fig. 1).
The total oscillator strength, summed over all transitions,
is conserved and consequently the forbidden transitions
increase in intensity at the expense of those transitions
which are symmetry allowed in zero field. Secondly, the
exciton energies undergo interesting Stark shifts as shown
in Fig. 2. The electric field scale in Fig. 2 is estimated by
dividing the difFerence between the applied and built-in
biases by the thickness of the undoped layers in the struc-
ture (confirmed by transmission electron microscopy).
The assignment of the peaks in the excitation spectra to
transitions between particular conduction- and valence-
band states is based on calculations described below.

The variation of the exciton transition energies with
field shown in Fig. 2 is qualitatively difFerent from that
expected from the isolated 5- or 10-nm-wide quantum
wells to which the coupled-well system approximates in
the limit of infinite and zero dividing barrier height (or
width), respectively. In the single-well case the
conduction- and valence-band states both shift to lower
energy, but in such a way that there is a net Stark shift to
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PIG. 2. Measured exciton peak energies as a function of bias
obtained from spectra such as those in Fig. 1. The spectral as-
signments are based on the calculated curves shown in Fig. 3.

FIG. 3. Calculated transition energies (excluding exciton
effects) for the coupled quantum me11 as a function of electric
field. All transitions except those shorvn by dashed lines are
clearly observed experimentally.

lower energy in the exciton transitions. This Stark shift
is larger in the 10-nm well than in the 5-nm well, where
strong spatial confinement prevents as large a charge po-
larization. In the coupled-well case the symmetric and
antisymmetric states become hybridized in an electric
field, leading to level repulsion and three difFerent kinds
of exciton transitions. Firstly, there are those which con-
nect "symmetric" states which move together with in-
creasing field (e I-1i 1 and e 1-11). These transitions under-
go very large Stark shifts to lower energy (larger than in
the 10-nm well case). Secondly, there are transitions con-
necting "antisymmetric" states which move apart with
increasing field and undergo large Stark shifts to higher
energy (e2-h2, e2-12). Thirdly, there are transitions be-
tween symmetric and antisymmetric states (i.e., transi-
tions which are forbidden in zero field) which move in the
same direction with increasing field and show relatively
small Stark shifts.

Figure 3 shows the transition energies in the coupled
well (shown in the inset of Fig. 1) calculated neglecting
the electron-hole Coulomb interaction, The single-
particle eigenstates and energies were determined using
the tunneling resonance method. This is essentially a
transfer matrix method in which it is assumed that
changes in composition produce only an abrupt perturba-
tion of the atomic potential and that there is continuity of
the particle Aux and carrier envelope wave functions at
each interface. In the calculations we initially took the

perpendicular efFective masses in the GaAs quantum
wells to be m, =0.067m 0, m &&

——0.34mo, and

m&& ——0.094mo with a 57:43 band-ofFset ratio. These are
the values arrived at by Miller and Kleinman' who fitted
the same type of model to the measured transition ener-
gies in a series of wells, mostly with widths greater than
about 10 nm. To obtain the best 6t to the measured
heavy-hole transition energies at zero field (assuming an
average heavy hole exciton binding energy of 8 meV) we
varied the well and barrier widths and aluminum compo-
sition about their nominal values. The optimized well
and barrier widths were found to be 4.8+0. 1 nm and
1.6+0. 1 nm with an aluminum concentration in the bar-
riers of 30+2%. However, using these parameters, we
found that the light-hole transitions could only be fitted
by using a larger perpendicular light-hole mass of
(0. 125+0.010)mo. We attribute this to the effect of non-
parabolicity in the light-hole band and discuss it further
below.

Considering the approximations made, the calculation
provides a surprisingly good description of the data in
Fig. 2 and difFers mainly in predicting larger Stark shifts
for the transitions. This discrepancy probably arises
from an inadequate estimation of the electric field, which
is based on the assumption that voltage is dropped uni-
formly across the undoped thickness of the sample. The
good agreement between calculation and experiment near
the "crossing" of the e1-I1 and e1-h2 transitions shows
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that band mixing, which is neglected in our calculations
and in principle leads to level repulsion and anticrossing,
has a fairly small efFect on the transition energies. In a 5-
or 10-nm GaAs/AI„Ga, „As single quantum well such
an anticrossing does not take place in an electric field, but
can be obtained under uniaxial stress (at zero electric
field) where similar behavior is observed. '

The effects of band mixing are more evident when the
relative linewidths of the e1-61 and e1-/1 transitions are
compared (Fig. 4). The el-/1 exciton is degenerate with
the e1-h 1 and e1-h2 continua at zero field. Mixing of the
l 1 with the h 1 and h2 states gives rise to an additional
homogeneous broadening of the el-I 1 Fano-like exciton
resonance. Higher-lying transitions are similarly
affected. The el-11 linewidth is 5.2 meV (FWHM) at
zero field compared with 2.7 meV (dominantly inhomo-
geneous) for the el-h 1 exciton. The inhomogeneous
broadening should be similar for heavy- and light-hole
excitons and is probably dominated by Auctuations in
well width of order +0. 1 nm over distances larger than
the exciton diameter. The inhomogeneous linewidth in
our sample is calculated to be only 0.4 times as sensitive
to Iluctuations in the barrier width as to fluctuations in
well width.

With increasing applied field the el-I 1 linewidth falls
to a value similar to that of the e I-h 1 transition. We at-
tribute this reduction in linewidth to two factors. Firstly,
at a field of about 4&10 Vcm ' the el-I1 and e1-h2
transitions effectively cross so that for larger 6elds the
discrete el-ll state is no longer degenerate with the
e I-Ii 2 continuum. Secondly, the e I-h 1 and e 1-11 oscilla-
tor strengths are reduced with increasing field (as dis-
cussed below) but the former more rapidly so than the
latter. This then leads to a reduced interaction between
the el-11 discrete and el-h 1 continuum states. The slow
increase in the e I-h1 exciton linewidth with field, evident
in Fig. 4, can probably be attributed to the increased sen-

sitivity of the wave functions to interface disorder at
higher fields.

To investigate the perpendicular light-hole mass fur-
ther, experiments were also performed on a second sam-
ple which differed only in having 3.8-nm wells and 1.4-
nm barriers. To 6t the data in this case it was necessary
to use a light-hole mass of 0. 15mo. %'e mention this
data„which was qualitatively similar in every respect to
that of the first sample, only to emphasize the large per-
pendicular light-hole mass required to fit the data in both
samples and will not discuss it further. %atanabe and
Kawai ' have used similar large light-hole masses to 6t
variable-temperature photoluminescence data' obtained
from 3-nm wells coupled by x =0.50 barriers with widths
between 1 and 2 nm. Both sets of results suggest that
nonparabolicity in the light-hole bands (i.e., energy
dependence of the effective mass} is important for
confinement energies greater than about 50 meV. In our
analysis, we have assumed that the light-hole nonparabol-
icity dominates and that we can neglect explicitly the
smaller nonparabolicity in the electron and heavy-hole
bands. We have also used an average mass for the 11 and
12 bands. In bulk GaAs nonparabolicity becomes pro-
nounced in the light-hole band (caused mainly by interac-
tion with the split-off band) at roughly 50 meV and in the
conduction band at about 100 meV. The effects of zone
folding along k~ in the quantum well case might reason-
ably be expected to exaggerate the tendency of the light-
hole bands to become heavy-hole-like at higher energy.

%e have also compared the measured field dependence
of the oscillator strengths of the exciton transitions with
the calculated electron-hole overlap integrals (P, ~ Pi, ),
as shown in Fig. 5. Here

~ P, } and
~ Pi, }are the z com-

ponents of the electron and hole wave functions deter-
mined in the tunneling resonance calcnlations. The oscil-
lator strengths are assumed to be proportional to the in-
tegrated areas (above the continuum background} in the
scaled excitation spectra. Experiment and calculation for
each transition are adjusted to agree at either low or high
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FIG. 4. Measured widths (F%'HM) of the e1-h1 (circles) and
e1-11 (squares) transitions of the coupled quantum mell as a
function of the applied bias. Curves are guides to the eye.

FIG. 5. Measured relative oscillator strengths of the coupled
quantum-well exciton transitions as a function of the estimated
applied electric 6eld compared with the calculated square of the
electron-hole overlap integrals (curves) normalized as described
in the text.
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6eld in Fig. 5. Estimation of the continuum background
is not straightforward for many of the transitions, but
there is reasonable qualitative agreement between calcu-
lation and experiment, con5rming our assignments of the
transitions in Figs. 2 and 5. It is not immediately obvious
that the agreement should be expected to be good since
the oscillator strengths also depend on the wave-function
overlap in the plane of the wells (inversely as the square
of the excr'ton Bohr radius). For example, the variational
calculations described below show that there is an in-
crease of 25% in the e 1-h 1 Bohr radius and therefore an
additional 50% decrease in oscillator strength between 0
and 10 Vcm '. However, another osciBstor strength
sum rule (Miller et al. ' number 2) suggests that changes
in other (possibly forbidden) transitions tend to compen-
sate the measured intensity for this effect so that the corn-
parison is probably reasonable.

The decrease in the el-h 1 oscillator strength with in-

creasing field is particularly obvious in Fig. 1. The in-
tegrated luminescence intensity of the same transition
was, however, approximately constant for biases between
0.2 and 1.1 V with excitation at 1.65 eV. This is presum-
ably because the nonradiative recombination rate in this
range of bias is small compared with the radiative recom-
bination rate. Under these circumstances the integrated
steady-state luminescence efficienc is independent of the
radiative recombination rater3 and therefore also of the
el-h 1 oscillator strength. At large fields the integrated
luminescence intensity decreases and the photocurrent in-
creases as carriers begin to tunnel out of the wells before
they can recombine.

The binding-energy calculations which we have re-
ferred to were performed varistionally using a trial separ-
able Is exciton wave function of the form

P,P„exp( r ll)—, wher, e P„Pr, are calculated by the tun-
neling resonance method and A, , the variational parame-
ter, is the exciton diameter in the plane of the well. To
describe the anisotropic dispersion in the valence bands
near k=0 we have used the diagonal form of the 4X4
Luttinger Hamiltonian with incorporation of
confinement in the z direction. This model neglects band
warping and mixing. The perpendicular and parallel
effective hole masses are given by

rnhh=mo~()'i —2rr» ~Ii ™o~(1'i+)'r»
rni'h™o~(rr+2)'2» ~k™o~(ri 1'2) . —

%e assume that the dielectric constant and Luttinger pa-
rameters y, , y2 are the same in Al„Ga, „As as in GaAs.
The results of the variational calculations for the e I-h 1

and el 11 excitons in th-e coupled quantum well, for
which we took y, =5.47 and yr ——1.26 (corresponding to
the larger light-hole mass), are shown in Fig. 6. For coin-
parison we also show the variation in binding energies in
a single 10-nm w'ell obtamed with p i

=6.79 and

y&
——1.92. The 1atter Luttinger psraxneters correspond to

the perpendicular masses preferred by Miller and Klein-
man. As expected, the e1-h 1 binding energy in the cou-
pled quantum well decreases more rapidly with 6cld than
in the single well, but still remains larger than the bulk
binding energy at the highest fields investigated in our ex-
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FIG. 6. Calculated binding energies of the el-h 1 and e1-11
excitons (solid curves) in the coupled quantum well compared
with those in an isolated 10-nm-wide square quantum well

bounded by Alp 3Gao 7As barriers (dashed curves).

IV. SUMMARY AND CQNCLUSIGNS

In summary, we have investigated the dc Stark effect in
a symmetrical pair of strongly coupled CjraAs square
quantum wells separated by a thin Al Ga, As barrier.

periments. Using the same Luttinger parameters for both
calculations does not affect the results qualitatively.

Our calculation underestimates the binding energies
because of the neglect of the parallel effective mass
discontinuity between GaAs and Al, Ga& „As, and of
the off-diagonal terms in the Luttinger Hamiltonian
which mix light- and heavy-hole states away from ki ——0.
The latter hybridization gives rise to large in-plane hole
subband nonparabolicity and can even produce negative
zone-center hole effective masses. Interaction between
the 11 and h 2 states is particularly significant in the con-
text of our binding-energy calculations because the ener-

gy separation of these states at k =0 is reduced by appli-
cation of ari electric field (Figs. 2 and 3). In a 10-nm iso-
lated square quantum mell, the e1-h1 and e1-/1 exciton
binding energies are underestimated by —1 and -2 meV,
respectively, if band mixing effects are neglected. In
our case, inclusion of such coupling might possibly lead
to s somewhat larger, field-dependent enhancement of the
coupled-well binding energies shown in Fig. 6.
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A perpendicular electric field hgs a much more dramatic
effect on the exciton transition energies and oscillator
strengths in the strongly coupled quantum well than it
has in the single isolated quantum well obtained by either
removing the barrier between the wells or making it
much tliicker. Good agreement between an efFective
mass calculation and experiment is obtained simply by as-
suming a larger light-hole perpendicular efFective mass
than that appropriate to wider wells. This is direct evi-
dence for nonparabolicity in the light-hole dispersion re-
lations. Although reasonable agreement between the
measured and calculated exciton transition energies can
be obtained while neglecting valence-band mixing efFects,
hybridization of light- and. heavy-hole states gives rise to
large homogeneous broadening of the el-I 1 and higher-
energy exciton transitions as evidenced by the electric
field dependence of the e 1-I 1 linewidth.

Do strongly coupled quantum wells oNer potential ad-
vantages over isolated square quantum wells in terms of
their application to electroabsorption modulators'7 At
first sight, there seems to be little or no advantage in us-

ing strongly coupled quantum wells in free-space propa-
gation devices (i.e., where light propagates perpendicular
to the layers) because the benefit of increased sensitivity
of the energy of the e1-hl transition to the 6eld is
counterbalanced by the concomitant reduction in oscilla-
tor strength with increasing field. The active optical path
length in this geometry is generally limited by depletion
effects and cannot be increased to compensate for the
reduction in modulation depth with reduced oscillator
strength. We have, however, only discussed strongly
coupled wells. In weakly coupled systems, with thicker
barriers, the electric 6eld dependence of the dynamics of
charge transfer between the wells may be sufficiently
diNerent as to lead to interesting new types of free-space
propagation devices.

In waveguiding geometries, on the other hand, strongly
coupled quantum wells appear to have several advan-

tages, Here, the loss in oscillator strength with increas-
ing field can easily be compensated for by increasing the
optical path length so that the larger (by a factor of up to
2 compared with a single 10-nm well) Stark shifts obtain-
able at moderate Seld might be exploited. For example,
thin barriers are generally preferred in injection lasers so
that monolithic integration of low-threshold-current
lasers and 5%cient modulators might be more easily
achieved using strongly coupled quantum-well structures.
Our calculations suggest that the reduction in binding en-

ergy with field is not so large as to present a problem for
room-teinperature operation.

Finally, introducing asymmetry into the structure by
making the two well widths difFerent has a qualitatively
similar effect to applying an external field. This could al-
low the zero-bias operating point of a coupled quantum-
well modulator on its Stark-shift-field curve to be en-
gineered with some precision. This might be achieved in
the single quantum-well case by grading the aluminum
composition in the well, but the problems in reproduci-
bly fabricating graded structures on very small length
scales are considerable.

Upon completiori of this paper we learned of the recent
experiments of Chen et al. o on a coupled system with
7.5-nm wells and 1.8-nm barriers. While our experimen-
tal observations are similar, we have made a more de-
tailed comparison with theory which demonstrates that
the behavior of the coupled-well system is well under-
stood.
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