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Binding energy of the barbell exciton
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The exciton binding energy in asymmetric coupled double quantum wells is calculated. As the

system is electrically tuned from type I to type II, the exciton binding energy decreases from that of
a two-dimensional exciton to the binding energy of a spatially separated electron-hole pair, i.e., the
barbell exciton. We compare our theoretical results with a recent experiment and find good agree-
ment.

Theoretical models' have been constructed that predict
high-temperature excitonic superconductivity (T, 100
K) in a two-dimensional (2D) system. These models re-
quire coupled gases of opposite charge, which are spatial-
ly separated. The superconducting state is one of a
superfiuid of excitonlike structures consisting of spatially
separated electrons and holes. The two main issues in-
volved in the creation of such an exciton gas are (1) to
what extent are Coulomb correlations important and ob-
servable, and (2) how well can the recombination be
suppressed in order to make the lifetime suKciently long
such that the carriers are able to thermalize with the lat-
tice.

Experimentally such an exciton gas can be created in
layered semiconductor systems by optical excitation of
electron-hole pairs across the band gap. The main prob-
lem is the short lifetime of such excitons. In order to in-
crease this lifetime one has to decrease the overlap be-
tween the electron and hole wave function. This can be
realized by applying an electric field perpendicular to a
quantum well. The electron and hole are pulled to oppo-
site sides of the well and in so doing decrease the overlap.
The barriers of the quantum well prevent field-ionization
of the exciton. A further significant decrease of this over-
lap can be realized by inserting a barrier in the quantum
well. Recent experiments ' have demonstrated the prac-
tical feasibility of this idea.

In connection with Ref. 1 it is important to know the
electron-hole correlation, and thus the exciton binding
energy. It is this Coulomb interaction which is responsi-
ble for the pairing in the superconducting state. The cal-
culation of this quantity in the asymmetric coupled quan-
tum wells (ACQW) of Ref. 3 in the presence of an electric
field is the aim of the present paper.

During the last decade a number of calculations
have been published on the exciton binding energy in
single-quantum-well systems. Recently also multiple-
quantum-well structures and coupled double quantum
wells ' have been studied. Here we will investigate the
effect on exciton binding energy when the exciton is elec-
trically tuned from a 2D exciton to a spatially separated
electron-hole pair, the barbell exciton, in the ACQW
structure.

As an example we study the structure shown in the in-
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set of Fig. 3 which consists of GaAs quantum wells and
Al„Ga& As barriers. The approximations used in the
present paper are as follows: (1) An etfective mass ap-
proach. (2) Band nonparabolicity is neglected. (3) The
dielectric constant in the GaAs and in the Al Ga& As
are taken to be the same and equal to @=12.5. The effect
of (3) on the binding energy is small because of (i) the
small mismatch in e between GaAs and Al Ga, As,
and (ii) the small probability to find the electron and hole
in the barrier. (4) Band mixing is neglected. Recent cal-
culations have shown that this may lead to an underes-
timation of the exciton binding energy by —1 meV. This
is within the accuracy of the experimental results. (5)
Only the lowest electron and hole subbands are taken
into account in calculating the exciton binding energy.
This approximation is valid as long as the Coulomb mix-
ing between the lowest-lying coupled well states is
neglectable, which is the case for a thin barrier. For
thick barriers this may be no longer the case over a cer-
tain electric field range and a more complicated calcula-
tion may be necessary. (6) The electron-hole correlation
is described by a two-parameter function. The parame-
ters are determined by a variational calculation. This ap-
proach is able to recover the 3D results in the limit of
very narrow quantum wells or for very wide quantum
wells in the absence of an electric field. The recent calcu-
lations of Refs. 8 and 9 have one variational parameter
and are not able to recover the 3D exciton results, and in
this respect the present approach is more general.

The system under study is described by the Hamiltoni-
an
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are the Hamiltonians describing the z confinement of the
electron and hole, respectively, with e = ~e the elementa-
ry charge. x and y are the relative coordinates of the
electron-hole pair in the 2D plane of the quantum well
with conjugate momentum p and p and exciton reduced
mass p. The center-of-mass coordinates do not contrib-
ute to the energy in the limit of zero temperature. Under
the assumption that the exciton binding energy is only a
weak perturbation to the total energy, which is satisfied
for not too narrow wells, we can first solve for the wave
function in the z direction which gives us P, (z, ) and
ph(z/, ) with the corresponding energies E, , and Eh, .
The 1D Schrodinger equations Eqs. (2a) and (2b) were
solved numerically where the appropriate mass discon-
tinuities at the semiconductor interfaces were included.
Such a calculation is standard and can be done with arbi-
trary high accuracy.

The electron-hole correlation is then described by the
two-parameter function exp[ —(p +az )

'/ /A. ], with
p=(x +y )', z =z, —

z/, , and where k is a measure of
the extent of the exciton in the 2D plane of the quantum
well. n gives the correlation between the electron and the
hole in the z direction. For the problem under considera-
tion o.' turns out to be small.

The total energy of the electron-hole pair is given by
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which is an upper bound to the exact result. The wave
function is taken as

4( zz ph) =(((zt, ) tt(tzh)e/xp[ —(p +az )'/ /X]

which contains the two variational parameters o. and A, .
The exciton binding energy resulting from the Coulomb
interaction is then given by

Eexciton ~ Etotal Ee,z Eh, z ~
(4)

and is a lower bound on the magnitude of the exact bind-
ing energy.

The variational calculation was done for the
GaAs/Alo»Gao 69As asymmetric coupled quantum well
(ACQW) structure of Ref. 10 which is shown in the inset
of Fig. 3. We used the following parameters for (1) the
electron a potential barrier of V, =301 meV and a mass
m, /m, =0.0665 in the GaAs and m, /m, =0.0843 in the
Al Ga, „As, and for (2) the hole a barrier of Vh =200
meV, a mass of mh/m, =0.45 in the quantum well and
mh /m, =0.466 in the barrier. The heavy-hole exciton re-
duced mass was taken to be equal to p/m, =0.04. The
relation between the internal electric field (E) and the
bias voltage ( Vb;„) for the system of Ref. 10 was
E=10.32[1.7 —Vb;„(V)] kV/cm. In Fig. 1 the present
theoretical results are compared with the experimental
results of Golub et al. ' The agreement is good in view
of the experimental accuracy (a typical error bar on the
experimental results is shown in Fig. 1) and the uncer-
tainty in certain physical parameters like the widths of
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FIG. 1. The exciton binding energy as function of the reverse
bias. The experimental results of Ref. 8 (circles) are compared
with the theoretical results for asymmetric coupled quantum
wells (solid curve) and for single quantum wells (dashed curves)
of widths ur=92 and 167 A.

the quantum wells and barrier. For comparison we also
show the exciton binding energy for an exciton in single
quantum wells (SQW) of widths 92 and 167 A. For small
electric fields, the electron and hole are confined in the
widest well and the exciton energy is practically equal to
the energy of an exciton in a well of size 92 A. The bind-
ing energy is slightly lower due to the fact that a small
portion of the electron wave function is able to tunnel
into the other well owing to the combined eft'ects of the
thin center barrier and small electron mass. With in-
creasing electric field, the electron is shifted more and
more to the left well. Concurrent with this transfer of
wave function into the left well the separation between
the electron and hole increases which leads to a decrease
of the Coulomb energy. In the very high electric field
limit the center barrier no longer plays a significant role
and the exciton binding energy is given by the binding en-
ergy in a 167-A-wide single quantum well. For
intermediate-high electric fields the binding energy of the
coupled quantum wells drops below the single quantum
well because the barrier is efT'ective in increasing the sepa-
ration between the electron and the hole. This transition
between small and large electric-field behavior becomes
steeper with increasing barrier strength, hence decreasing
interwell coupling. We found that the neglect of the mass
discontinuity at the interfaces did not have any apprecia-
ble efI'ect on the exciton binding energy.

In Fig. 2 the diA'erent single electron and hole proper-
ties are shown for the asymmetric coupled quantum wells
and for the single quantum well without the center bar-
rier. The hole properties are only slightly inAuenced by
the electric field. In essence the hole is confined by the
92-A-wide quantum well which explains why the aver-
ages (z) and ((z —(z) ) )' are much less infiuenced
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FIG. 3. The extent of the exciton wave function for asym-
metric coupled quantum wells (ACQW) which is depicted in the
inset, and for a single quantum well (SQW) of width tc= 167 A.
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by the electric field than the corresponding one in a single
167-A quantum well. The electron in the asymmetric
coupled quantum wells shows a switching behavior from
the right well into the left well with increasing electric
field. For an electron in a single 167-A-wide quantum
well a very gradual change of the averages is observed.
The barrier has the eAect of sharpening the transition
from the low to the high electric-field behavior. This
added degree of freedom may have applications in
switching devices.

The extent of the exciton wave function along the free
2D plane of the quantum well is plotted in Fig. 3 as a
function of the reverse bias. With increasing electric field
the electron is pushed closer to the left barrier of the
quantum well while the hole is shifted to the right barrier
of the quantum well. As a consequence the exciton wave
function is spread out more in the x,y directions and the
barbell exciton consists of two spatial separated
pancake-shaped functions. Note that the extent of the
exciton grows larger as the binding energy grows smaller.

In conclusion we have calculated the exciton binding
energy of an electron-hole pair in asymmetric coupled
quantum wells. Near Aat band the exciton is 2D-like
while with increasing electric field a transition is observed
to a barbell exciton composed of carriers confined to dis-
tinct GaAs quantum well layers and separated by an
Al Ga, As barrier. The spatially indirect exciton has a
long lifetime" due to the small overlap of the electron-
hole wave function. Its binding energy is nonzero and for
the present system was a factor of 2 smaller than the
binding energy of the 2D exciton.

FIG. 2. The electron and hole average position (a), extent of
the wave function (b), and overlap (c) for asymmetric coupled
quantum wells (ACQW) and a single quantum well (SQW) of
width m=167 A.
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