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Excitonic photoluminescence in symmetric coupled double quantum wells
subject to an external electric field
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The effect of an external electric fieldF on the excitonic photoluminescence~PL! spectra of a symmetric-
coupled double quantum well~DQW! is investigated both theoretically and experimentally. We show that the
variational method in a two-particle electron-hole wave-function approximation gives a good agreement with
measurements of PL on a narrow DQW in a wide interval ofF including flat-band regime. The experimental
data are presented for a molecular-beam-epitaxy–grown DQW consisting of two 5-nm-wide GaAs wells,
separated by a 4-monolayers~ML’s !-wide pure AlAs central barrier, and sandwiched between Ga0.7Al0.3As
layers. The bias voltage is applied along the growth direction. Spatially direct and indirect excitonic transitions
are identified, and the radius of the exciton and squeezing of the exciton in the growth direction are evaluated
variationally. The excitonic binding energies, recombination energies, oscillator strengths, and relative inten-
sities of the transitions as functions of the applied field are calculated. Our analysis demonstrates that this
simple model is applicable in the case of narrow DQW’s, not just for a qualitative description of the PL peak
positions but also for the estimation of their individual shapes and intensities.@S0163-1829~99!01532-5#
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I. INTRODUCTION

Because of their technical importance and unique phys
properties, semiconductor quantum wells have been the
ject of intensive research since their first fabrication in 19
A brief review of the main achievements and a number
representative references can be found, e.g., in Refs. 1 a
The tunnel-coupled quantum states in double quantum w
~DQW’s! are very sensitive to both electric and magne
fields, and changes induced by these fields have been in
sively studied by photoluminescence~PL!, PL excitation,
and photoconductivity.3–8

A symmetric-coupled DQW consists of two identic
quantum wells separated by only a thin barrier. The ene
levels of the coupled QW’s split owing to the interwell tu
neling. In the flat-band condition (F50), the eigenfunctions
of the DQW have defined symmetries. In this situation, o
transitions between electron and hole states of the same
metry are optically allowed. The ground-state wave funct
is symmetric, while that of the first excited state is antisy
metric. When an electric field is applied to the DQW, t
wave functions become predominantly localized in one w
only. Transitions allowed in the flat-band case evolve in
spatially indirect~interwell! transitions, which shift linearly
in energy as a function of the applied field. On the oth
hand, transitions forbidden in the flat-band case become
lowed and represent spatially direct~intrawell! transitions.
Two factors determine the optical transition intensities:~a!
the overlap integral of the electron and hole single-part
wave functions, and~b! the population of the energy sub
bands for a given temperature. In order to describe the o
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cal transitions correctly, one has to account for the Coulo
interaction between electrons and holes. We use a t
particle wave function composed of the electron and h
single-particle wave functions multiplied by a function
their relative positions to get an exciton binding energy.

The purpose of this paper is to demonstrate that our q
simple theory, applied to the PL results obtained from o
specifically designed sample, provides excellent quantita
agreement with regard to both the energetic position of
PL peaks and their shapes and intensities as a functio
applied electric fields. These results represent clearly a
ther improvement compared to the previously repor
results.3,4,6,8

II. THEORY

The calculation starts from the envelope-function ex
tonic Hamiltonian

Hex5Hoe1Hoh1H2D1U1Eg , ~1!

where the respective electron and hole single-particle te
read1

Hon52
\2

2

]

]zn

1

mn~zn!

]

]zn
1Vn~zn!2qnFzn , ~2!

n5$e,h% denotes an electron or hole, andqn is the respec-
tive charge.mn(zn) andVn(zn) are the respective electron o
hole zn-dependent effective masses and confining potent
of the DQW structure. The electric fieldF is applied along
thez axis parallel to the growth direction.H2D represents the
7740 ©1999 The American Physical Society
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kinetic energy in thexy plane. The electron-hole excito
interaction is included by means of the Coulomb termU, and
the GaAs band-gap energyEg completes the total energ
Hex .

Eigenenergies and eigenfunctions of the single-part
one-dimensional HamiltonianHon are found by using linea
combinations of analytical functions sin(j) and cos(j) ~wells,
F50), Airy functions Ai(j) and Bi(j) ~wells, F.0), or
exp(6j) ~barriers!, and by matching the wave-function am
plitudes and their derivatives divided by the effective mas
at each interface. Representative results of such a calcula
made for a DQW structure withLw518 ML, Lb54 ML
('5.09 nm and 1.13 nm, respectively!, and for F
530 kV/cm are schematically plotted in Fig. 1.

The first two single-particle eigenfunctionsw1
n(zn),

w2
n(zn) of Hon are used to construct a set of basis functio

for the variational calculation of the exciton states as a sin
product of one electron and one hole wave function mu
plied by a function of relative electron hole positions4–6

x i j 5Ni j w i
e~ze!w j

h~zh!expF2
Ar21a i j ~ze2zh!2

Ri j
G , ~3!

where the normalization factorsNi j and the variational pa
rametersRi j ,a i j are, in general, different for each excito
While the z coordinates of both carriers are specified ab
lutely (ze ,zh), only the relative distance between them pr
jected onto thexy plane (r) is relevant. We minimize the
total energy@Eq. ~1!# for each exciton separately and obta
four wave functions$x11,x12,x21,x22%.

In our calculation, we neglect the heavy- and light-ho
bands mixing and assume strictly parabolic dispersion r
tions. Also, the mixing of the exciton states by the Coulom
interaction is not taken into account because of its sm
effect on the narrow DQW system.5 The
GaAs/AlxGa12xAs/AlAs material parameters and their com
positional dependence is taken as in Refs. 1, 5, 9, and 1

FIG. 1. Scheme of the DQW potential profile with an appli
external field ~solid lines!. The energy levels~dotted lines! and
wave functions~dashed lines! of electrons and holes are shown
well. Bases of the wave functions are at the corresponding ene
and their amplitudes are plotted in arbitrary units. The plot w
calculated forLw55 nm andF530 kV/cm.
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The x i j s are used to evaluate the optical oscilla
strength~see, e.g., Ref. 4! and the electron-hole overlap in
tegralFi j (0), which is given by

Fi j ~0!5E
2`

`

x i j ~ze5z,zh5z,r50!dz

5Ni j E
2`

`

w i
e~z!w j

h~z!dz. ~4!

The normalized exciton PL intensity spectrum is then cal
lated as

I ~E!5

(
i , j 51

2

Li j ~E!uFi j ~0!u2e2bEi j

(
i , j 51

2

uFi j ~0!u2e2bEi j

,

Li j ~E!5
bD i j

p E
0

` e2bE8dE8

~E2Ei j 2E8!21D i j
2

, ~5!

b51/kBT, kB is the Boltzmann constant, andT the tempera-
ture. The convolution formLi j (E) expresses the normalize
line shape of thei , j th transition, which is determined by
thermal distribution of the excitonic kinetic energy an
slightly diffused by a Lorenz function. The widthD i j
50.5 meV is used in every case.

III. EXPERIMENT

Our PL experiments were performed on a sample gro
by molecular-beam epitaxy at a temperature of 600 °C o
semi-insulating GaAs substrate oriented in the@001# direc-
tion. The growth started with a 500 nm-widen-doped~Si,
231018 cm23) GaAs layer, followed by a 300 nm-wide
n-doped ~Si, 1.431018 cm23) GaxAl12xAs layer. The Al
content in the GaxAl12xAs layers was always 0.3. After thi
the following sequence of GaxAl12xAs layers was grown:
500-nm intrinsic, 5-nm p-d-doped (C, 331017 cm23)
layer, and 100-nm intrinsic. On top of this separating laye
sequence of three symmetric DQW’s with 4 M
('1.13 nm)-wide pure AlAs central barriers in betwee
were grown, employing growth interruptions of 20 s at ea
heterointerface. The well widths are 35, 26, and 18 M
('10, 7.5, and 5 nm!, respectively. The DQW’s are sepa
rated by a 100 nm-wide GaxAl12xAs layer in each case. Th
growth then continued with another sequence of GaxAl12xAs
layers: 100-nm intrinsic, 5-nm n-d-doped ~Si, 4
31017 cm23), and 500-nm intrinsic. On the top a 300 nm
wide p-doped~C, 1.431018 cm23) GaxAl12xAs layer and a
20 nm-wide p-doped ~C, 231018 cm23) GaAs cap layer
were grown.

The p-i -n configuration of the sample allows us to app
a bias voltageUpn by means of selective Ohmic contacts
thep-doped layers on the top and to then-doped layers at the
bottom. Usually, the bands in anyp-i -n structure are tilted
and application of forward bias is required to flatten the
We, therefore, used a special sample design compri
d-doped layers inside the intrinsic region of the structure
order to screen the built-in electric field. Thus, the flat-ba
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regime is obtained almost atUpn50 V, avoiding high dark
current present at higher forward bias. The measured dev
of the size 250mm3250 mm were defined photolitho
graphically and mesa-isolated. Detailed results will only
presented for the narrow DQW withLw55 nm and Lb
51.13 nm, for which the application of our simple theore
ical model is justified.

Figure 2 shows the PL spectra of the sample for vari
bias voltages. The sample was cooled in a closed-cycle
ostat and excited by a Ti:sapphire laser pumped by
Ar1-ion laser. We used an excitation power
;100 mW/cm2 at a photon energy of 1722 meV~below the
band-gap energy of Ga0.7Al0.3As). The emitted luminescenc
was analyzed by a monochromator with 0.6 m focal len
and a 1200 grooves/mm grating, and detected by a co
charge coupled device camera. We applied reverse bias
Upn528 V with the maximum current of only;10 mA.
An estimation of a dissipated power and a negligible shift
position of the spectrum measured withUpn512 V proved
that Ohmic heating of the sample for both reverse and
ward biased junction is insignificant.

IV. DISCUSSION

The sample was designed as a single~not multiple! DQW
structure in order to minimize the well width fluctuation
For the same reason, the growth interruptions were
ployed, and a pure AlAs barrier instead of an AlxGa12xAs
one was chosen to improve its homogeneity and to av
barrier height fluctuations. The broadening of the direct
citon peak of;4 meV ~see Fig. 2! and even lower at 10 K
(;2 meV, not shown! indicates a quite good quality of th
sample. Furthermore, the exciton peaks are not split du

FIG. 2. PL spectra of the DQW with 5 nm-wide wells as
function of various bias voltages. The applied voltagesUpn are
denoted beside each curve. The inset shows the normalized int
intensityN/N(Upn50V) of the presented PL curves.
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large area monolayer fluctuations of the well widths, a p
nomenon that is frequently observed on samples grown w
interruptions.

The d-doped layers shielding the DQW’s within thep-n
junction are effective in case of an excitation below t
Ga0.7Al0.3As band-gap energy, when the carriers are exci
exclusively in the wells. The flat band condition is foun
almost at zero-bias voltage. On the other hand, when usi
He-Ne laser excitation above band-gap energy, thed-doped
layers are neutralized and become inactive. Consequent
forward bias corresponding to the band-gap energy is nee
in order to overcome the built-in field and to establish t
flat-band regime.

The experimental spectra plotted in Fig. 2 were analyz
to gain maximum data for the theoretical procedure. In
calculation, we kept the parametersLw andLb constant and
varied only T and F for optimization. The temperatureT
545 K of the sample was obtained by a comparison of
measured and calculated relative peak intensities of the s
tra in the linear field range. The fieldF was deduced by
means of tracing the energy distance between the first
exciton transitionsx11 and x12. A very good agreement o
the calculated and observed transition energies is represe
by Fig. 3. Notice that the optimizedT provides an excellen
correspondence in the peak positions. The absolute posit
of all the peaks including the resonant splitting of t
symmetric-antisymmetric states were obtained without a
free parameter. The small difference in the intensities a
positions of the theoretical lines;1 meV in comparison
with the experiment can be attributed to~i! the approxima-
tions used in the theory and~ii ! small deviations from the
intended structure of the sample.

The inset of Fig. 4 shows the deduced fieldF as a func-
tion of the bias voltage applied to the sample. In the case
the spectrum close to flat-band regime (Upn50V), the cor-
responding field (F51.6 kV/cm) was determined from a
linear part of this dependence. As anticipated, the dep
dence is linear within a limited voltage interval (23V
<Upn<2V), and saturates for higher reverse bias. The
ear regime of the band tilting is in very good agreement w
F calculated directly from the sample design~dotted line in

ral

FIG. 3. PL peak positions as a function of electric fieldF. The
lines are calculated for the DQW depicted in Fig. 1 atT545 K.
The markers indicate the peak positions of the experimental
spectra plotted in Fig. 2.
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the inset of Fig. 4!. A small discrepancy can be explained
an effect of a nonhomogeneous distribution of the elec
field over the three DQW systems, or as a result of a
simple description of the single wave functions in the appl
variational method.

Figure 4 shows the spectra calculated for the stud
DQW structure for the optimized temperature and the fie
corresponding to individual PL curves plotted in Fig. 2. T
spectra are magnified in accordance with the measured
gral intensitiesN(Upn) ~see the inset of Fig. 2! to allow a
comparison with the measured PL. The optimized tempe
ture seems to be reasonable taking into account that
sample in a closed-cycle cryostat is cooled by a cold fin
and placed on a rather low thermally conductive substr

FIG. 4. Calculated PL spectra for the DQW depicted in Fig. 1
a temperatureT545 K. The applied electric fieldF is given beside
each curve. The inset shows the electric field induced in the D
by the bias voltageUpn .
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The close concert of the experimental and calculated
spectra in the low-field interval (23V<Upn<2V) is evi-
dent. By increasing reverse bias the observed indirect tra
tion diminishes. This results from a low stability of the low
est energyx11 exciton, which becomes dissociated b
electron tunneling outside the DQW. The highest transit
x22 appears near the flat-band case only. It manifests itse
Fig. 4 in the spectrum calculated forF51.6 kV/cm as the
small peak at the energy of 1626 meV close to thex21 tran-
sition. In the experiment, these transitions merge into o
peak observed at 1623 meV. Out of the flat-band case,x22 is
suppressed due to a weak population of the higher levels
the lower value of the electron-hole overlap integralF22(0)
@Eq. ~4!#. With respect to the good agreement of relati
intensities of the spatially direct and indirect transitions
can conclude that the overlap integrals are well estima
and the particle distribution is described by our wave fun
tions in a satisfactory way.

V. CONCLUSION

In this paper, we have concentrated on the photolumin
cence of narrow symmetric coupled double quantum we
where the energy difference between excitonic states is h
enough to allow neglecting of band-mixing effects. The
clusion of exciton interaction is unavoidable for a corre
description of the electron-hole states and positioning of
tical transitions. We have shown that the simple model
scribes nearly perfectly all dominant features of the opti
transitions, namely relative intensities, absolute positions
the individual transitions, and the resonant splitting of t
symmetric-antisymmetric states.
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