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Abstract. We have calculated the subband structure and confinement potential of modulation-doped
Ga1−xAlxAs-GaAs symmetric double quantum wells a function of the doping concentration. Electronic
properties of this structure are determined by solving the Schrödinger and Poisson equations self-
consistently. To understand the exchange correlation potential effects on the band bending and subband
populations, this potential has been included in the calculation at 0 K and, at room temperature. We find
that at low doping concentrations the effect of the exchange correlation potential is more pronounced on
the subband populations.

PACS. 73.90.+f Other topics in electronic structure and electrical properties of surfaces, interfaces, thin
films, and low-dimensional structures

1 Introduction

There has recently, been interest in the electronic prop-
erties of double-quantum well structures (DQW), because
they are expected to form the basis for applications in
novel electronic devices [1–10]. In many of the theoreti-
cal calculations, the electron gas (EG) systems within the
quantum wells have been treated as two-dimensional (2D).
Two dimensional electron gas (2DEG) systems confined in
semiconductor space charge layers have provided an ideal
laboratory for studying many-body exchange-correlation
effects in electron-electron interactions. The symmetric
coupled DQWs deserve closer attention owing to their at-
tractive physical properties and promising technical appli-
cations. In DQW structures, interlayer correlations play
a fundamental role in the many-body behaviour of the
electronic system [11]. Many-body effects arising from
exchange-correlation corrections due to the presence of
free carriers in the system manifest themselves also in
the renormalization of 2D subband energies, when there
is a finite occupation with electrons of the corresponding
states [12]. The correlation effects in DQWs have also been
studied [13–15].

In this paper, for symmetric DQWs we have theoret-
ically investigated the exchange-correlation effects as de-
pendent on the doping concentration, at 0 K and 300 K.
We have seen that the exchange-correlation effect changes
the potential profile and the subband populations as de-
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pendent on the doping concentration and temperature,
and this change is more pronounced at low donor concen-
tration. In addition, we have found that the total thickness
(LD) of symmetric DQWs is very sensitive to the donor
concentration. We will examine the influence of an applied
electric field on symmetric and asymmetric DQWs, in a
future publication.

2 Theory

The electronic structure of a DQW has been solved using
a self-consistent calculation under the effective-mass ap-
proximation. We have calculated the confining potential,
the charge density, the subband energies and the subband
populations self-consistently by solving the Schrödinger
and Poisson equations.

Figure 1 shows the schematic illustration for a sym-
metric DQW structure. The origin for z is taken to be
the centre of the structure. Ld1 and Ld2 are the doped
AlxGa1−xAs thicknesses, Ls1 and Ls2 are the undoped
AlxGa1−xAs thicknesses, Lw1 and Lw2 are the GaAs
quantum well thicknesses, and Lb is the AlxGa1−xAs bar-
rier thickness.

The single-electron one-dimensional Schrödinger equa-
tion can be written as
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Fig. 1. Schematic illustration for a symmetric DQW structure
based on GaAs- AlxGa1−xAs materials. Ld1 and Ld2 are the
doped AlxGa1−xAs thicknesses, Ls1 and Ls2 are the undoped
AlxGa1−xAs thicknesses, Lw1 and Lw2 are the GaAs quantum
well thicknesses, Lb is the AlxGa1−xAs barrier thickness, and
LD = ZL + ZR is the total thickness of DQW.

where m∗ is the electron effective mass, V (z) = VH(z) +
Vxc(z) is an effective potential, VH(z) is the Hartree po-
tential and Vxc(z) is the exchange-correlation potential.
The Hartree potential VH(z) is determined by the Poisson
equation

d2VH(z)
dz2

= −4πe2

ε
[N(z) −Nd(z)] (2)

where ε is the GaAs dielectric constant and Nd(z) is the
total density of ionized dopants. The electron density is
related to the electronic wave functions by the relation

N(z) =
nd∑
i=1

ni |ψi(z)|2 (3)

where nd is the number of filled states, ni is the
temperature-dependent number of electrons per unit area
in the ith subband given by

ni =
m∗kBT

π�2
ln{1 + exp[(EF − Ei)/kBT ]} (4a)

and at zero temperature

ni =
m∗

π �2
(EF − Ei) (4b)

where i is a subband index, kB is the Boltzmann constant
and EF represents the Fermi energy. According to refer-
ence [16], at the low-temperature limit (T → 0), the Fermi
energy can be taken as the donor level, which is supposed
to lie at an energy Ed = 0.070 eV below the conduction
band of the GaAs layers. All donors are assumed to be
ionized i.e.

Ld1 ×Nd1 + Ld2 ×Nd2 =
nd∑
i=1

ni (5)

where Nd1 is the doping concentration for Ld1 thickness
and Nd2 is the doping concentration for Ld2 thickness.

For the exchange-correlation potential, we use the pa-
rameterized analytic expression under the local-density

approximation [17]
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a∗b = 4πε0εr�
2/m∗

0e
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The self-consistent solution of (1)–(6) gives the poten-
tial profile, the density profile, the subband energies and
the subband populations.

3 Results and discussions

We have investigated theoretically the electronic structure
of GaAs-AlxGa1−xAs DQW for different doping concen-
trations, as dependent on exchange-correlation effects and
temperature. We assume that these layers are symmetric
with respect to the origin, i.e. they have the same thickness
(Ls1 = Ls2 = 10 Å, Ld1 = Ld2, Lw1 = Lw2 = 100 Å)
and the same doping concentration (Nd1 = Nd2). Fig-
ure 2 shows the confining potential and the subband en-
ergies with their squared wave functions with Nd1 = 5 ×
1017 cm−3, Lb = 25 Å, Ed = EF = 70 meV, x = 0.33, (x is
the aluminium content in the AlxGa1−xAs layers), at T =
0 K. The dashed curves include exchange-correlation (xc)
effects and the solid curves neglect exchange-correlation
(nxc) interaction. As seen from this figure the subband
energy levels appear as doublets because of tunnelling be-
tween the two wells, and the structure is slightly changed
with the introduction of exchange-correlation effects.

For T = 0 K and T = 300 K, Figures 3a, b show the xc
and nxc potential profiles for two doping concentrations.
In the self-consistent calculation, we assume that Fermi
energy is constant at T = 0 K (i.e. EF = Ed) and is
variable at T = 300 K. In this figure, the Fermi energy
is set to 0 eV. As seen from Figure 3, the xc effect is
more pronounced at low doping concentration (Nd1 =
1×1017 cm−3), at T = 0 K. This effect is less pronounced
at T = 300 K.

For different doping concentrations (Nd = (1, 5, 10)×
1017 cm−3) the electronic density profiles which include
the xc and nxc potential are displayed in Figure 4. At
high donor concentrations, an increasing charge density
in the confining potential leads to more band bending
and gives rise to the formation of a deeper quantum well
(see Fig. 3a). While for Nd = 1 × 1017 cm−3 the den-
sity profile is localized at the centre of the quantum wells,
for Nd = 5 × 1017 cm−3 the density profile is more lo-
calized at the deep regions of the quantum wells and
gives a new little peak near the barrier. This new den-
sity peak increases with the donor concentration. We have
seen that the exchange-correlation potential effect is less
pronounced at high donor concentration. These features
could be of use in controlling the confinement of carriers
in semiconductor devices.

The subband populations versus the doping concen-
tration are represented in Figures 5a, b at T = 0 K
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Fig. 2. The confined potential and the subband energies with
their squared wave functions with Nd = 5×1017 cm−3, at T =
0 K. The Fermi energy is set at 0 eV. The dashed curves show
exchange-correlation (xc) effect and the solid curves represent
non-exchange-correlation (nxc) effect.

and T = 300 K, respectively. The solid curves repre-
sent nxc effects; the dashed curves represent xc interac-
tions. As expected the subband populations and the num-
ber of filled states increase with donor concentration. The
change in the subband occupation depends on the doping
concentration, the exchange-correlation interaction and
temperature. As seen from these figures, at low doping
concentrations the subband populations change with the
exchange-correlation effect, but these changes are smaller
at high donor concentrations [18]. As can be seen from
equation (4a) the subband population increases slightly
with increasing temperature owing to both the exponen-
tial term in the logarithm and the linear prefactor term.
Temperature has a certain effect on the shape of the con-
fining potential because of thermal excitation of the elec-
trons from the lowest subband into these higher ones.

Figure 6 shows the difference between the first sub-
band populations with exchange-correlation (xc) and non-
exchange-correlation (nxc) over the doping concentration
(∆n/Nd) as a function of the doping concentration. The
solid curve is for T = 0 K and the dashed curve is for
T = 300 K. As seen from this figure, this proportion is
much greater at room temperature for low doping con-
centration. By increasing the doping concentration, the
proportions approach each other. We have said that this
proportion is not effective on the subband populations at
high doping concentration. Thus, the donor concentration
can be used as the fitting parameter in these systems. We
have seen that at room temperature, the carriers which
appear because of the impurity atoms are more efficient
than the exchange-correlation effect and temperature on
the subband population.

Fig. 3. For two doping concentrations the xc and nxc potential
profiles at (a) T = 0 K and (b) T = 300 K. Fermi energies are
set at 0 eV.

Figure 7 shows the total thickness (LD) of GaAs-
AlxGa1−xAs symmetric DQW versus the doping concen-
tration. While the solid curves represent nxc effects, the
dashed curves represent xc effects. We have used an iter-
ation method to solve the Schrödinger and Poisson equa-
tions self-consistently. In the calculations, the depletion
lengths (Ld1 = Ld2) in the doped AlxGa1−xAs layers are
used as input parameters, because the convergence is sat-
isfied for a given doping concentration. The total thick-
ness (LD) of DQW changes depending on the doping con-
centration. From the self-consistent calculation, we have
shown that the total thickness and the xc effect decreases
with the doping concentration.

In conclusion, we have investigated the electronic
structure of GaAs-AlxGa1−xAs symmetric DQWs. To
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Fig. 4. The electronic density profiles with (dotted line) xc and
(solid line) nxc effect for different doping concentrations (from
bottom to top) Nd1 = (1, 5, 10) × 1017 cm−3, at T = 0 K.

Fig. 5. The subband populations as a function of the doping
concentration at (a) T = 0 K and (b) T = 300 K. The dashed
curves represent the xc effect and the solid curves represent
the nxc effect.

Fig. 6. The difference between the ground subband population
with xc and nxc effect (∆n = nxc − nnxc) over the doping
concentrations versus the doping concentration. The dashed
curve is for T = 300 K and the solid curve is for T = 0 K.

Fig. 7. The change of total thickness (LD) of the sym-
metric DQW versus doping concentration. The thick dashed
curve is for the xc effect at T = 300 K and the thick solid
curve is for the nxc effect, at T = 300 K. The thin dashed
curve represents the xc effect at T = 0 K and the thin
solid curve represents the nxc effect at T = 0 K.

determine the subband structure, the self-consistent meth-
ods of the Schrödinger and Poisson equations were used.
We have studied the effect of the exchange-correlation in-
teractions and temperature on the doping concentration.
From our calculations, we have seen that the high doping
concentration leads to strong confining effects, thus the
donor concentration Nd can be used as a tuneable param-
eter of these semiconductor devices. In addition it was seen
that the change in subband properties due to exchange-
correlations effects and temperature is more pronounced
at low doping concentration. The total thickness of sym-
metric DQW is very sensitive to the doping concentration.
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