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Excitons in spatially separated V-shaped quantum wells:
Application to GaAs sawtooth-doping superlattices

C. R. Proetto
Centro Atomico Bariloche, 8400 San Carlos de Bariloche, Rio Negro, Argentina
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A variational calculation of the ground state of an exciton in spatially separated V-shaped quan-

tum wells is presented. This is connected to the properties of excitons in sawtooth-doped superlat-

tices. The binding energy, lateral extension, and vertical extension are calculated as functions of the
superlattice period and 5-doping impurity concentration. In spite of the fact that electrons and

holes are present in spatially separated regions, the binding energies are of magnitude similar to
those found in compositional GaAs quantum wells.

Very recently, Schubert et al. ' reported on the obser-
vation of quantum-confined excitonic interband transi-
tions in absorption' and photoluminescence measure-
ments of GaAs sawtooth-doping superlattices.

Doping superlattices consist of alternating n-type and
p-type doped layers of an epitaxially grown semiconduc-
tor (for a review see Ref. 3). A sawtooth-shaped band di-
agram is obtained if the thickness of the doped layer de-
creases, such that the dopants are localized on a scale
length of a lattice constant (see Fig. 1).

In the case of the now familiar compositional superlat-
tices, the band-edge modulation that gives rise to the
periodic potential has its origin in the different band gaps
of the components; these type of superlattices allow an
unambiguous observation of quantum-confined interband
transitions, and excitons dominate the optical properties
like absorption or luminescence spectra when the experi-
ments are performed in the quantum-well configura-
tion.

Although the behavior of excitons in these composi-
tional superlattices [for instance, GaAs/(Al, Ga)As) and
quantum wells has frequently been studied by a number
of techniques, ' no quantitative predictions are yet
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E„

available for sawtooth-doping superlattices. It is the pur-
pose of this work to report on our variational calculations
on the binding energy and spatial extension of excitons in
GaAs sawtooth-doping superlattices in the limit of weak
coupling among wells.

We assume that adjacent wells corresponding to the
same band [for example, wells (1) and (3) in Fig. 1 for the
conduction band] are sufficiently isolated by thick bar-
riers so as to be independent, ' but that the coupling be-
tween adjacent wells corresponding to different bands [(1)
and (2) in Fig. 1] can be strong. This approximation is
excellent for the study of the ground-state excitons re-
ported in Ref. 1, but is not suitable for the description of
the properties of excited state excitons. We will not at-
tempt to calculate the properties of the excited excitons
in this work.

In accordance with that simplifying assumption, the
exciton state is composed of an electron in a V-shaped
well bound to a hole in one of the adjacent V-shaped
wells, separated by a distance d /2.

The z axis is taken to be parallel to the growth direc-
tion. The vertex of the V-shaped well associated with the
electron is chosen as the origin of the z coordinate. The
positions of the electron and hole are denoted by r, and
rl„respectively. Cylindrical relative coordinates p, g, z
are introduced as usual, for example, p =(x, —xl, ) +(y,

The Hamiltonian of the relative motion of an exciton is
then given by

H=H, +HI +H~+H

where

i30, =—,+eefus, /,
2m Bz2

(2a)

dH~=- +eI' z„——
2Pf + ()z

(2b)

FIG. 1. Electronic band diagram of a sawtooth-doping super-
lattice. E, (E, ) is the energy corresponding to the bottom (top)
of the conduction (valence) band of GaAs, Eg is the bulk gap
and V the band-edge modulation.
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(2c)
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e2
H, ~=-

e/r, —r„/
(2d)

value of F and d, the exciton binding energy is obtained
through the minimization of

1 1 7 &+'Vz

p+ m, mo
(4)

In Eqs. (2a) —(2d) m, is the isotropic electron effective
mass, m+ (m ) the heavy- (light-) hole effective mass
along the growth axis, IM+ (p ) is the in-plane reduced
mass associated with the heavy (light) hole, F is the
built-in electric field in the superlattice, given by
F= 2m-eN /g (N is the two-dimensional concentration
of impurities), and e is the dielectric constant of bulk
GaAs.

Heavy- and light-hole exciton Hamiltonians differ only
by the definitions of m & and p+ in terms of m, and the
valence-band Luttinger parameters'

1
71 V2

mo

E(A. ) = +, j dp pe ~ V(p),
fi 4

2@A, A,

where

f,'(z, )f„'(z„)
V(p) = — dz, dz„

[ 2+(z )2]1/2
(10)

is an average over z of the Coulomb interaction between
hole and electron, and can be considered as an effective
in-plane Coulomb interaction.

In addition to the binding energy, the expectation
values (p) and [((z,—zz) )]' are relevant quantities
which are useful to ascertain the accuracy of a trial wave
function, as they provide some insight into its spatial ex-
tension.

These expectation values are readily obtained from
1((r„r„),namely,

where mo is the free-electron mass and the plus (minus}
sign correspond(s) to the heavy (light) hole.

As elliptically symmetric variational wave function we
choose

(5)

(p) =/j. ,

[((2, — )2) ]1/2 8 3

4 15 g~g',
~

1/2
X(y, +y„) (12)

where f, (z, ) and fh (zh ) are the normalized ground-state
wave functions of the V-shaped well without Coulomb in-
teraction [exact solution of Eqs. (2a) and (2b), respective-
ly]:

f, (z, )= Ai(P, (z, —y, )),1

+2y, Ai( —P, y, )

' ]/3
2m, eF E,

eF

Here Ai(z) is the Airy function, ' E, is the energy of the
first electron subband, ' and A, is the variational parame-
ter. For a given value of the electric field F (or
equivalently, of the 2D-doping concentration X2D), E,
and F are related by the equation'

zz zF
e i zm

where ai =—1.02 is the first zero of the derivate of the
Airy function. '

Similar equations to (6)—(8) hold for the heavy (light)
hole, replacing m, by m+ (m ), and z, by zz —d/2.

The rationality behind the one parameter trivial wave
function (5) is as follows: the Coulombic term essentially
binds the electron-hole reduced motion in the layer plane
[as described by the exponential term in (5}],whereas the
exciton motion along the grown axis is mostly dominated
by the confining V-shaped wells at z =0 and z =d/2 [cor-
responding to the one-particle wave function f, (z, ) and
fh(za)]. '

Once f, (z, ) and fz(zz) are determined for a given

The values of the physical parameters we use in the
calculations are m, =0.0665mo, y, =6.85, ye=2. 1, and
E' = 12.5. The equivalent three-dimensional effective
Rydberg energy and Bohr radius with these in-plane pa-
rameters are 3.63 meV, 158.6 A, 4.40 meV, and 130.8 A
for heavy-hole (hh) and light-hole (lh) excitations, respec-
tively.

Because the band-edge modulation ( V in Fig. 1) is
given by

d vre dN
2 E

and the condition of weak coupling among the wells is
fulfilled when E„Ehh, E~& && V with E„Ehh, E&h indepen-
dent of d [see Eq. (8)] it is clear that if d is too small the
condition of weak coupling will be violated; we restrict
ourselves to values of d where the above condition is
fulfilled.

There is also a maximum value of d for the validity of
our calculation approximately given by

dmax
Eg+E, +E„„=eF

because for d &d,„ the system will have a transition
from a semiconductor to a semimetal configuration, as a
consequence of the transfer of electrons from the valence
band to the conduction band. We will not attempt here
the study of excitons in the semimetallic configuration,
where screening effects can be important. Notice that
this is a real transition of the system not related with the
weak-coupling approximation.

Now we turn to numerical results. In Fig. 2 the
heavy-hole and light-hole ground-state exciton binding
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FIG. 2. Heavy- {solid line) and light- {dotted line) hole exci-
ton binding energies as a function of d; impurity concentration
N =1.25X10' cm

FIG. 3. Extension of heavy- (solid line) and light- (dotted
line) hole excitons in the in-plane and z directions as a function
of d; impurity concentration N =1.25 X 10' cm

energies are plotted as a function of d, the superlattice
period; the concentration of impurities was taken equal
to the value quoted in Ref. 1 (N =1.25 X 10' cm }.

As expected from physical grounds, the binding energy
of hh and lh excitons decreases monotonically with in-
creasing Y-well separation: the effective in-plane
Coulomb interaction given by Eq. (10}decreases when d
increases. We note that the lh exciton binding energy is
always larger than the hh exciton binding energy; this is a
result of the larger in-plane mass of the lh exciton. The
binding energies that we found are comparable to the
binding energy in compositional GaAs quantum wells:
for example, for d =100 A, Eb ——7 meV, for the hh exci-
ton.

We present in Fig. 3 the lateral extension of the exciton
(p) [Eq. (11)] and the extension in the z direction
[&(z, —z), ) )]'~, [Eq. (12)] as a function of d, for both hh
and lh excitons.

The lateral extension of both excitons increases mono-
tonically with increasing Y-well separation; this again is a
consequence of the weakening of the effective in-plane at-
traction; as mentioned above, the layer in-plane mass of
the lh exciton gives a smaller lateral extension and as a
consequence a larger binding energy than the hh exciton.

The inverse is true for the extensions in the z direction
[according to Eq. (3), m+ & m ] but in that case both ex-
tensions are very sinular and approach asymptotically (as
d increases) an effective 2D limit where the electron and
hole are confined to move in different planes at a distance
d/2; ' this is a consequence of the strong confinement
provided by the large built-in electric field (F= 10

Vlcm).
With the purpose of investigating the dependence of

these results on the value of the impurity concentration
we present in Table I the binding energy and a parallel
and perpendicular extension of the hh and lh hole exci-
tons, for d =150A and two different values of N

As can be seen from Table I, the binding energy of
both excitons is only weakly dependent on the impurity
concentration (for a change of a factor 10 in N, the
corresponding change in the binding energy of the exci-
tons is only about 4%); the slight increase in binding en-
ergy as X decreases comes essentially from the change
in the exciton extension in the growth direction.

Note the different behavior of the parallel and perpen-
dicular extensions as the impurity concentration de-
creases: the first decreases while the second increases.
The expansion in the growth direction is a natural conse-
quence of the weaker confinement on the function f, (z, )

and f„(z),}; accordingly with that, the larger overlap be-
tween both functions in Eq. (10) gives a larger value of
the effective in-plane Coulomb interaction and a shorten-
ing of the electron-hole average distance in the parallel
direction.

In summary, we have calculated variationally the
ground-state binding energy and spatial extension of hh
and lh excitons in GaAs sawtooth-doping superlattices,
within the approximation of weak coupling among the
Y-shaped wells.

We find that the binding energy decreases monotoni-
cally with increasing distance between wells with values
of comparable magnitude to those obtained in the case of

TABLE I. Binding energy, lateral extension, and vertical extension of hh and lh excitons, for d = 150
A and two different values of N~ .

N2D

(10' cm ) (meV)

hh exciton
&)o) [& (z, —z, )') ]'"
(A) (A)

E
(meV)

lh exciton
&p) [&(z,—z, )')]'"
(A) (A)

1.25
12.5

4.95
4.78

194.5
203.4

84.8
77.2

5.47
5.23

171.3
181.1

88.2
78.0
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compositional superlattices.
While the in-plane extension of the exciton is given by

the Coulombic attraction between hole and electron, the
dimension in the grown direction is given essentially by
the distance between the V-shaped wells.

It would be interesting, if possible, to measure directly

the binding energy of the ground-state excitons in this
system and compare it with the theoretical values ob-
tained in this work.

The author wishes to thank B. R. Alascio for valuable
discussions and a critical reading of the manuscript.
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