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of the quantum-confined Stark effect in a strongly coupled double-quantum-well structure
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Time-resolved photoluminescence measurements as a function of perpendicular applied electric
field and temperature are reported in a GaAs-Al Ga& As strongly coupled double-quantum-well

(CQW) structure. The excitonic radiative lifetime is found to increase with field at a rate =3 times
faster than previously observed in single-QW structures of the same overall width, and a three-
dimensional envelope-function calculation is shown to provide an excellent quantitative description
of this e6'ect, demonstrating the validity of this type of calculation for both the energies and oscilla-
tor strengths of radiative transitions. Variable temperature experiments are used to probe exciton
center-of-mass motion allowing the mean exciton localization area (due to interface fluctuations) to
be measured.

I. INTRODUCTION

The linear optical properties of quantum-mell struc-
tures have been the subject of many studies over recent
years. The principal features which have emerged are (a)
the modification of the joint optical density of states for
interband transitions by the two-dimensional (2D)
confinement, ' (b) the enhancement of the oscillator
strength for excitonic transitions due to the increased
binding energy of the confined exciton, and (c) the
quantum-confined Stark efFect (QCSE), which describes
the persistence of exciton transitions at substantially in-
creased applied electric fields compared to the bulk, the
ionization of the exciton in the electric field being
prevented by the presence of the heteroj unction
confinement potentials.

Here we report the results of time-resolved photo-
luminescence (TRPL) studies of the QCSE in a strongly
coupled double-quantum-well (CQW) structure. Such
structures are formed from two single quantum wells
separated by a narrow barrier, typically I—2 nm in width,
and in recent studies they have been shown to behave
in a way that is quantum mechanically analogous to the
well-known hydrogen-molecule problem. For a
sufficiently thin barrier, the degenerate electron and hole
eigenstates of the isolated wells hybridize to form sym-
metric and antisymmetric pair states at lower and higher
energy than the degenerate parent states.

The application of a perpendicular electric field in-
creases the coupling between the wells as the effect of the
dividing barrier becomes reduced, increasing the energy
splitting between the symmetric and antisymmetric
states. This symmetry splitting acts to enhance the usual
n= 1 excitonic QCSE shift observed in single-quantum-
well structures of similar overall widths, an effect which

makes CQW structures attractive candidates for electro-
optic modulator device applications. Recently reported
steady-state luminescence excitation studies have
demonstrated that the behavior of the coupled quantum-
well state energies can be quantitatively weH described
within the theoretical framework of the efFective-mass ap-
proximation.

The application of a perpendicular field also acts to de-
crease the effective oscillator strengths of those transi-
tions which are symmetry allowed in zero field, through
an increase ih both the spatial separation of the electron
and hole wave functions in the z direction, and also the
spatial extent of the excitonic wave function in the plane
of the wells.

This change in CQW oscillator strength is also
enhanced over that in a single QW (Ref. 5) by symmetry
splitting, which is consistent with larger Stark shifts.
Here we report on the use of time-resolved photolumines-
cence (TRPL) measurements for the first time to quanti-
tatively study the changing form of both the in-plane and
perpendicular components of the excitonic wave function
in a CQW structure as a function of applied field. The
changes in the in-plane excitonic component alter the cal-
culated oscillator strength of the transition by a factor of
= 1.6 over the fields studied here (compared with only a
=9% change in the Stark shifts), and TRPL thus pro-
vides a sensitive means of probing 2D-exciton diameters
and testing excitonic binding-energy theories. The effect
of the center-of-mass motion of the exciton on the abso-
lute radiative lifetimes is also studied, allowing a mea-
surement of the mean island size for monolayer Auctua-
tions at the CQW heterointerfaces.

Previous TRPL measurements on single quantum wells
(SQW's) have failed to show the predicted behavior as a
function of electric field. In early studies, a pronounced
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decrease in the luminescence lifetime with field was ob-
served and attributed to an increase in nonradiative
recombination rates. More recently, ' the predicted in-
crease in the radiative lifetime has been observed but the
magnitude of the increase was significantly smaller than
predicted. The enhancement of the QCSE in our CQW's
means that in the field regimes of interest, carrier tunnel-
ing rates out of the wells are always small compared with
radiative exciton decay rates [as evinced by the tempera-
ture and field independence of the time-integrated exci-
tonic photoluminescence (PL) eSciency], and radiative
lifetimes (and therefore oscillator strengths) are directly
measurable with high accuracy.

II. THEORY

A. The form of the excitonic wave function
for relative e-h motion

p(x, y) = (x,~ +y,„)', separable,

p(x, y, z)=(x,„+y,h+z,„)', nonseparable,
(lb)

where x,h, y,&,z,I, are the relative separations of the elec-
tron and hole in the x,y, z directions.

We calculate the free-carrier terms using the tunneling
resonance method' to find a numerical solution of the
one-dimensional (1D) Schrodinger equation to obtain the
envelope functions. The perpendicular effective masses
used were those of Miller and Kleinmann. The parame-
ter a is calculated variation ally by minimizing
& C&,„lHl@,„&,where

5 1 5
(2)

2p 5r2

with r =(x +y )'~ and R =(r +z )'
We use e, =12.15, which is the geometrical average of

the background dielectric constants in CzaAs and Al-
CzaAs, x=0.3, and p=0.046mo for the heavy-hole exci-
ton reduced mass using the Luttinger parameters
y, =5.47, y2=1.26, and y3=0. This value for p is inter-
rnediate between that measured in magnetoreflectivity
measurements in single quantum wells of widths 7.7 nm

Within the framework of the effective-mass approxima-
tion, the exciton envelope wave function is factorized into
the form

@,„(x,y, z) = [tp, (z)yi, (z)exp( —p/a)][a (2/n)' ], (la)

where p, (z) and pi, (z) are the orthonormalized com-
ponents of the ground-state free-carrier envelope func-
tions in the confinement direction (z). The exp( —p/a)
term is a 1s-like excitonic envelope function describing
the electron-hole correlation, where a is a variational pa-
rarneter describing the spatial extent of the exciton. Here
we have used two expressions for p, corresponding to the
separable case where the z dependence of the exciton
correlation is determined only by the free-carrier en-
velope terms (the 2D exciton approximation) and p is a
function of x and y only, and the nonseparable case where
a z dependence is included in p, i.e.,

(p=0.049) and 11.2 nm (@=0.045). ' We neglect here
the effects of light- and heavy-hole mixing" and the
discontinuity of parallel effective masses at the hetero-
junctions. ' The exciton radiative lifetime is inversely
proportional to the square of the electron-hole overlap in-
tegral and in the separable case is given by

B. Radiative lifetime effects of excitonic center-of-mass motion
in the plane of the CQW

where fo is the interband dipole matrix element per unit
cell connecting conduction- and valence-band Bloch
states and V is the total volume of the QW layer.

In real QW's at finite temperatures, the perfect coher-
ence of the component of the excitonic wave function
describing in plane center-of-mass (C.M.) motion is des-
troyed (a) by disorder scattering from interface fiuctua-
tions and other defects, (b) by acoustic-phonon scattering,
and (c) by exciton-exciton scattering at high excitation
densities. These processes can be modeled by sharing the
5-like oscillator strength of Eq. (4) over all the allowed
2D translational momentum states which are contained
within a homogeneous linewidth I h, (T) I„, (T) .here
corresponds to the Heisenberg inverse of the mean life-
time of an exciton in a given translational momentum
state and will be dependent both on sample temperature
and on sample quality. This approach yields a modified
transition strength for K =0 excitonic transitions given
by

f l&y( )lq ( )&l'h'

m Ma I"h, (T)

where M is the sum of the electron and hole in-plane
masses. Defining a coherence area 3,=h /2rrMI h, ( T)
for the coherence of the in-plane translational component
of the wave function gives

F,„=2fo I & p, (z) I yi, (z) & I A, /n. a (6)

For excitons localized in regions of the QW with a lo-
cally wide well width, but with a lateral area AI which is
less than A„ the transition strength is given by Eq. (6)
but with A, replaced by AI.

For an exciton population at a finite temperature T (de-
scribed by a Maxwellian distribution in energy), only the
fraction R ( T)= 1 —exp[ —I h, ( T) /kT] of the popula-
tion with translational energies less than I h, (T) can

Momentum conservation considerations for radiative
recombination dictate that in a perfect 2D excitonic sys-
tem in the limit of zero temperature, ' only excitons with
zero translational wave vector (K=O) contribute to the
radiative recombination rate. Under such idealized con-
ditions all units cells within the layer contribute to the
transition which is thus characterized by a coherent tran-
sition strength which is 5-like in energy, with a strength
given by

(4)
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recombine whilst satisfying momentum conservation.
This finally leads to an expression for the efFective oscilla-
tor strength governing radiative decay given by

F.'„=2f l&q, ( )Iq ( )&I'&,&(T)/

which determines the radiative lifetime according to'

eomoc 3

7
pie co I' x, eff

(7)

GaAs wells

48 48 200A

L%%~

where n is the refractive index and co is the optical fre-
quency of the radiative transition.

In the experiments reported here, all of the quantities
with the exception of A, in this last expression are
known or calculable. A measurement of the absolute life-
time thus enables the coherence area of the exciton to be
measured, and in the case where A, & 3&, the mean local-
ization island size can be deduced.

In the limit kT»I h, (T), Eq. (7) predicts a lifetime
linearly proportional to temperature, with a field depen-
dence at a given temperature determined solely by the
changing overlap integral for relative e-h motion. For
kT &(I h, ( T), a radiative lifetime proportional to
I „, (T) is expected, with higher Structural quality sam-
ples giving larger coherence areas and hence faster
recombination times. In this latter limit the recombina-
tion time at a given temperature may exhibit an extra

field dependence (over and above that predicted due to
the changes in the relative motion overlap integral), due
to field dependence of exciton scattering and/or localiza-
tion effects.

III. EXPERIMENTAL DETAILS

The experiments were performed on a GaAs-
Al Gai „As coupled quantuin-well structure (4) grown
by molecular-beam epitaxy (MBE) on a Si-doped (100)
GaAs substrate with the following parameters (Fig. 1): a
0.5-pm Si-doped buffer layer ( 10' cm ); 20 nm
Alo. 3Gao. 7As; 20 nm GaAs; 40 nm Alo. 3Gao. 7As 4 8 nm
GaAs; 1.6 nm A1Q3Gao7As; 4.8 nm GaAs; and 40 nm
A1Q 3Gao 7As. A perpendicular electric field was applied
by means of a 100-nm-thick sputtered indium tin oxide
(ITO) Schottky barrier contact to the front surface of the
sample and an indium alloy contact to the back surface.
The ITO layer formed on antireQection coating at 800
nm. The sample parameters above were used for the life-
time modeling and were determined by refining the nomi-
nal growth parameters by means of a comparison of the
envelope-function calculations with the transition ener-
gies measured in cw photoluminescence excitation (PLE)
experiments as described in detail in Ref. 4.

The sample was mounted in a continuous-Aow cryostat
and excited by light from a synchronously mode-locked
argon-ion pumped Styryl-8 dye laser at a wavelength of
735 nm (i.e., =90 meV above the n= 1 exciton line). The
dye-laser produced 2-ps-duration pulses (measured using
a second-harmonic autocorrelator) with a full width at
half maximum (FWHM) linewidth of 0.5 meV FWHM.
The luminescence was collected at 45' to the sample sur-
face and dispersed using a 0.25-m grating monochroma-
tor which was set to pass only the integrated excitonic
luminescence from the coupled quantum well. The out-
put of the monochromator was detected and temporally
dispersed using a high-sensitivity wide-dynamic photon-
counting streak camera system described in detail else-
where. '

Pump densities corresponding to peak areal exciton
concentrations of =2 X 10 excitons/cm were used. This
is a factor of =500 lower than the threshold for hot-
phonon effects in GaAs MQW's, ' and at least 2 orders
of magnitude below the threshold for excitonic nonlinear
effects.

IV. RESULTS

A. Variation of luminescence lifetime
as a function of applied Seld

400 16 400 200

AI,Ga,As barriers

FICx. 1. Schematic of the sample structure. All dimensions in
angstroms.

Time-resolved luminescence profiles taken at 4.2 K
(with the sample immersed in liquid helium) for different
values of applied bias are shown in Fig. 2. The zero net
electric-field bias of +1.05 V (due to the built-in field of
the Schottky contact) was determined from the minimum
Stark shift in the luminescence line position. A zero-field
luminescence lifetime of 151 ps was obtained from a
least-squares fit to the exponential decay. As expected, a
strong increase in luminescence lifetime was observed as
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the applied bias was reduced, corresponding to an in-
crease in the actual field across the structure.

Varying the excitation density over more than an order
of magnitude resulted in no change in the measured life-
times and even the fastest luminescence decay curves
were exponential over more than 3 orders of magnitude
before being lost in the instrumental noise. The nonex-
ponential decay profiles' previously observed using simi-
lar CQW structures in a p i n-d-iode (but pumping with a
photon energy above the Al Gai As barrier band gap)
were not seen here. We obtained identical lifetimes with
excitation at 755 nm (which corresponds to a decrease in
the initial excess carrier energy by a factor of =2 to 45
meV).

If exciton-exciton scattering processes were contribut-
ing to the observed lifetimes [as previously reported in
higher excitation density studies of 12-nm QW s (Ref.
17)], strongly nonexponential decay profiles would be ex-
pected due to the reducing exciton density during recom-
bination. Similar profiles would result if the exciton pop-
ulation were not in thermal equilibrium with the lattice
as the factor R ( T) would change (by a factor of =2 for a
10-K change in exciton temperature) leading to a decay
constant decreasing with time after excitation. We con-
clude, therefore, that our measured decay profiles are
characteristic of a monomolecular radiative excitonic de-
cay process, from an exciton population which is in

STARK SHIFT (meV)

T/T
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0

thermal equilibrium with the lattice throughout the
period over which the decay constants were measured.

Figure 3(a) shows the calculated variation of the life-
time enhancement factor (LEF), defined as rico, versus
the applied electric field, where wo is the lifetime mea-
sured at zero electric field. Uncertainties in the field dis-
tribution in the sample were eliminated by calculating the
fields from the measured ground-state exciton Stark
shifts. Using these field values the behavior of the ener-
gies of the seven higher-lying confined state transitions
measured in PLE [Eq. (4)] were also well modeled.

Excellent agreement is obtained between the measured
LEF and the envelope-function calculation (but only if
the ett'ects of varying the excitonic radius are included)
over an order of magnitude variation in oscillator
strength and with Stark shifts of up to 22 meV (corre-
sponding to a field of 55 kV cm '). The integrated exci-
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FICx. 2. Typical time-resolved profiles of the heavy-hole

luminescence intensity I taken at 4.2 K. (a) Zero perpendicular
field. (b) Perpendicular field of 53 kV/cm.

FIG. 3. 4.2-K luminescence data. (a) Results of variational
envelope-function calculation including the effects of varying
the excitonic in-plane radius. Solid line, separable solution;
dashed line, nonseparable solution. (b) Results of the calcula-
tion ignoring varying excitonic in-plane radius. (c) PL
efficiency. (d) Full variational envelope-function calculation for
10 nm SQW.



9764 C. C. PHILLIPS, R. ECCLESTON, AND S. R. ANDREWS

tonic luminescence efficiency [Fig. 3(c)] is constant up to
this field, confirming that the exciton lifetime is not
affected by the field-dependent tunneling processes found
elsewhere in MQW structures at high fields. Further-
more, the close agreement between theory and experi-
ment indicates that the radiative lifetime is identical to
the luminescence decay constant and that any field-
independent nonradiative processes which may be
present in the sample are having a negligible effect on the
exciton lifetimes. For fields greater than 55 kV cm ' the
lifetime enhancement factor starts to saturate due to the
onset of significant nonradiative decay channels as indi-
cated in Fig. 3(c) by the quenching of the excitonic
luminescence efFiciency, and in this case the luminescence
decay time constant underestimates the true radiative de-
cay time constant.

We are unable to distinguish between the accuracies of
the separable and nonseparable envelope functions here
because their predictions only diverge for high fields
where significant nonradiative recombination effects
occur. The theoretical I EF curve is not strongly affected
by difFerent parallel efFective-mass values; using
@=0.049mo gives a difference of only 3%%uo in ~/ro even at
r/~o=9. The theoretical curve for a 10-nm SQW [Fig.
3(d)] illustrates the degree of the enhancement of the
QCSE in terms of the larger oscillator strength changes
which are obtained in the CQW structure. Figure 4
shows the dependence of the calculated expectation value
of exciton binding energy and exciton radius a on field.

B. Uariation in luminescence lifetime
with applied field between 10 and 60 K

Variable temperature measurements show a linear in-
crease in lifetime (Fig. 5) for 30& T&60 K, whereas
below T=30 K, a sublinear dependence is observed.
Similar behavior was observed by Feldmann et al. partic-
ularly in a narrower 2.5 nm SQW sample and was tenta-
tively attributed to the effects of exciton localization.

In the CQW samples used in the present work the alloy
fIuctuations present in the thin barrier layer may act to
increase the depth of localization potentials (compared
with SQW's), although the results of the variational cal-
culations indicate that the carrier confinement energies
are only 0.4 times as sensitive to monolayer Auctuations
in the central barrier thickness as they are to monolayer
fiuctuations in the overall CQW width. The so-called
"Stokes shift" of =2.5 meV that we measured between
the position of the n=l heavy-hole exciton peaks ob-
served in 4.2 K luminescence and in luminescence excita-
tion spectra in this sample is consistent with a transition
from localized to delocalized excitonic behavior at =30
K.

The observed temperature independence of the recom-
bination times for temperatures less than =30 K can
thus be explained by either of two hypotheses: namely (a)
the exciton scattering rates are such that 3, & A&, and
the low-temperature exciton lifetimes are determined by a
localization limited exciton coherence area and are there-
fore given by Eq. (5) with A, replaced by Ai, or (b) the
exciton scattering processes in this sample are of such a
strength as to give a rather large homogenous linewidth
of the order of 3 meV [so that a transition from the
I h, ~( T) & kT regime to -the I i„~(T))kT regime occurs
at =30 K], and that the resulting exciton coherence area
determines the low-temperature lifetime values through
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FIG. 4. In-plane excitonic radii and excitonic binding-energy
terms as a function of applied field calculated with full varia-
tional method and sample parameters from (4).

FIG. 5. Dots, measured lifetime vs temperature for the CQW
with zero applied field. Solid line, numerical model evaluated
for a localization island diameter of 61.5 nm.
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Eq. (6), both for localized and delocalized excitons be-
cause A, & A&.

With regard to hypothesis (b), variable temperature
time-resolved degenerate four-wave-mixing measure-
ments in 13.5-nm QW structures' have yielded homo-
geneous linewidths of the form I'h, (T)=0.5+0.005T
meV for the heavy-hole exciton line. The increased
scattering from alloy disorder in the thin barrier layer
might be expected to result in a larger temperature-
independent component to I'h (T} in a CQW but, con-
versely, the sample used in Ref. 18 showed pronounced
extrinsic structure in PL (effects not seen in our sample),
suggesting the presence of a substantial impurity concen-
tration, and a comparison of the relative contributions of
disorder scattering in the two structures is not straight-
forward.

The absence of significant nonradiative channels in the
CQW, however, allows us to make a meaningful compar-
ison between the absolute values of the recombination
lifetimes and the predictions of Eq. (6). Using a value of

fo =0.802 (Refs. 19 and 20) the measured low
temperature limit of the exciton lifetime corresponds to
an excitonic coherence area of 5.55 X 10 ' m . If hy-
pothesis (b) applies, this in turn corresponds to a low-
temperature limit of I h, (T} of only 0.071 meV [com-
pared with the =0.5 meV value reported for a 13.5-nm
QW (Ref. 18)]. Assuming the 5 p eV/K sample-
independent temperature varying component of I h, ( T)
of Ref. 17, this would lead to the transition between the
1 h, ( T) (kT and the 1 h, ( T) & kT regimes occurring at
= 1 K as opposed to the value of =30 K observed here
and we therefore conclude that hypothesis (a) applies and
the low-temperature lifetimes are dominated by exciton
localization effects in this sample.

The solid curve in Fig. 5 is a numerical fit to the zero-
field data calculated using a 4.2-K Boltzmann distribu-
tion of excitonic energies and an excitonic translational
momentum density-of-states function which corresponds
to the localization islands occupying 50% of the total
CQW area. The following values were used: fo=0.802,
an in-plane exciton reduced mass p=0.046mo, exciton
localization energy E&„=2.5 meV, 1 h, (T)=0.50
+0.005T, ' and a mean exciton localization island diam-
eter of 84 nm.

For the typical localization energies found in QW sam-
ples, we find the predicted lifetime temperature depen-
dence to be largely insensitive to the values of I h, (T)
assumed, because the lifetimes are dominated by localiza-
tion effects up to temperatures that are large compared to
I h, (T)/k. Whilst for T & =40 the fitting procedure
essentially involves no free parameters, at 4.2 K the life-
time is determined wholly by the mean localization island
size assumed and it can thus be seen that careful TRPL
measurements can be used to provide a rather direct mea-
sure of the lateral scale of interface roughness for com-
parison with theoretical models of epitaxial growth dy-
namics.

Such a measurement is sensitive to interface Auctua-
tions in the range =26 nm (the zero-field exciton diame-
ter) to =170 nm [the diameter of the exciton coherence
area corresponding to the case where the low-
temperature limit of the homogenous linewidth is given
purely by the Heisenberg inverse of the exciton radiative
lifetime calculated by substituting Eq. (6) in Eq. (8)].

At higher temperatures the field dependence of the ex-
citon lifetime was found to be well described by the rela-
tive motion part of the exciton wave function alone (Fig.
6), and no field-dependent localization effects were seen.
The = 1.5-nsec upper limit of measurable lifetimes (set by
the laser repetition rate) prevented a more detailed study
of this effect from being made.

I I I

0 10 20 30 40 50 60 70

ELECTRIC FIELD (kV cm ')

FIG. 6. Lifetime enhancement factor ~/~o at di6'erent tem-
peratures. Solid line, full variational envelope-function calcula-
tion for CQW.

V. CONCI, USZONS

For the first time the predicted enhancement of the
changes in oscillator strength and luminescence lifetime
in CQW's has been observed and accurately modeled.
The quantitative nature of this study demonstrates that
the variation of the excitonic wave-function diameter
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with perpendicular field is now well understood and that
the envelope-function approach is therefore appropriate
for the calculation of both Stark shifts and oscillator
strengths for the design and optimization of electro-
absorption device structures.

The temperature dependence of exciton lifetimes is
shown to be well described by the coherence area effects
previously reported in SQW structures, and the positive
identification of localization limited lifetimes has enabled

the mean island diameter for excitonic localization in
these structures to be measured as 84 nm.
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