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In this study, we have calculated theoretically the effects of the electric field and doping
concentration on the sub-band energies, the electron population, and total charge density in
modulation-doped symmetric and asymmetric GaAs/Al0.33Ga0.67As double quantum wells.
Electronic properties of the system are determined by the solving the Schrödinger and Pois-
son equations self-consistently in the effective-mass approximation. The application of an elec-
tric field in the growth direction of the system causes a polarization of the carrier distribution
and shifts the sub-band energies, which may be used to control and modulate intensity output
devices. In an asymmetric double-quantum-well structure, the effects mentioned above appear
more clearly.
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1. Introduction

During the last decade, GaAs/AlGaAs double quan-
tum wells have been intensively investigated because
of their potential applications in advanced opto-
electronic devices. Recently, the evolution of the
growth techniques such as molecular beam epi-
taxy (MBE) and metal-organic chemical vapor depo-
sition (MOCVD) combined with the use of the
modulation-doping technique made it possible to
achieve a new two-dimensional system at the semi-
conductor heterojunction interface between GaAs
and AlxGa1−xAs.1−4 In this system, the wide gap
material (GaAs/Alx Ga1−xAs) is modulation doped,
while the narrow gap material (GaAs) is undoped.
Since the ionized impurity scattering is greatly
reduced by separating the electrons from their parent

donors and the Coulomb scattering is reduced by the
screening effects due to the extremely high density
of the two-dimensional electron gas, high electron
mobilities can be obtained in this structure. Under
equilibrium conditions, electrons in donor levels of
AlxGa1−xAs are transferred to the GaAs layer, lead-
ing to considerable band bending. Many electronic
and optical devices have been developed based on
these structures.

The determination of the sub-band structure and
the study of many-body effects are fundamental
problems related to those systems, which can be
well understood through comparisons between exper-
imental and theoretical calculations. Owing to its
importance in revealing the electron-electron many-
body interactions such as the exchange–correlation
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effects in low electronic density and the Coulomb
drag effects, plasmon modes in double-quantum-well
(DQW) structures have attracted a great deal of
theoretical5−14 and experimental15,19 interested.

Asymmetric double-quantum-well (ADQW)
structures, namely, two adjacent wells of differ-
ent thickness, are the ideal structures for investi-
gating the mechanisms of carrier transfer. In the
widely investigated case of ADQWs separated by
thin barriers, resonant,20,21 nonresonant,22,23 and
coherent24,25 tunnelling have been studied in detail.

We investigated the dependence of symmet-
ric (or asymmetric) modulation-doped DQW on
the temperature, exchange-correlation potential, and
the same (or different) doping concentration in
Refs. 26 and 27. The purpose of present study
is to theoretically investigate the sub-band struc-
ture of modulation-doped symmetric and asymmet-
ric DQWs as dependent on the doping concentration
and electric field. At the end, it has been found that
the changes in the potential profile, sub-band ener-
gies, and the sub-band populations depend on the
doping concentration and electric field.

2. Theory

The electronic structure of modulation-doped DQW
under the electric field has been investigated by
using a self-consistent calculation in the effective-
mass approximation. We have calculated the confine-
ment potential, charge density, sub-band energies,
and sub-band populations by solving the Schrödinger
and Poisson equations self-consistently.

The structure of the DQW system is given in
Fig. 1. The origin of the z-axis is taken at the cen-
ter of the structure. It consists of two GaAs wells
with Lw1 and Lw2 widths, separated by an undoped
AlxGa1−xAs barrier with Lb width and adjacent to
two AlxGa1−xAs barrier layers. Each of these two
barrier layers consists of an undoped spacer layer
with Ls1 and Ls2 widths. The depletion lengths Ldm

and Ldp are determined self-consistently in our cal-
culations. In the effective-mass approximation, the
single electron one-dimensional Schrödinger equation
can be written as(

− �
2

2m∗
d2

dz2
+ V (z)

)
ψ

i
(z) = E

i
ψ

i
(z) (1)

and

V (z) = VH(z) + eFz, (2)

Fig. 1. The schematic representation of DQW structure.
Ldm and Ldp are doped Al0.33Ga0.67As thicknesses, Ls1

and Ls2 are undoped Al0.33Ga0.67As thicknesses, Lw1

and Lw2 are GaAs quantum well widths, Lb is the bar-
rier width, and LD = ZL + ZR is the total thickness of
DQW structure.

where m∗ is the electron effective mass. VH(z)is the
effective Hartree potential and F is the strength
of the applied electric field. The Hartree potential
VH(z) is obtained by solving the Poisson equation:

d2VH(z)
dz2

= −4πe2

ε
[N(z) −Nd(z)], (3)

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

N(z) =
nd∑
i=1

ni|ψi(z)|2, (4)

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

ni =
m∗kBT

π �2
ln{1 + exp[(EF − Ei)/kBT ]}, (5a)

and at zero temperature

ni =
m∗

π �2
(EF − Ei), (5b)

where i is sub-band index, kB is Boltzmann constant,
and EF is Fermi energy. According to Ref. 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 EF = 0.070 eV below the conduction
band of the GaAs layers. All donors are assumed to
be ionized, i.e.

Ldm ×Nd1 + Ldp ×Nd2 =
nd∑
i=1

ni, (6)

where Nd1 is the doping concentration for Ldm

thickness and Nd2 is the doping concentration
for Ldp thickness. The potential profile, density
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profile, sub-band energies, and sub-band popula-
tions are obtained from self-consistently solution of
Eqs. (1)–(6).

3. Results and Discussion

In this study, we have investigated theoreti-
cally the electronic structure of modulation-doped
GaAs/Al0.33Ga0.67As DQW under an electric field
applied along the growth direction for different dop-
ing concentrations. We have studied two different
DQW structures. The dimensions of the structures
are Lw1 = Lw2 = 100 Å with Lb = 75 Å for the sym-
metric case, whereas Lw1 = 100 Å and Lw2 = 75 Å
asymmetric one. Furthermore, the barrier layers have
same thickness (Ls1 = Ls2 = 10 Å and Ldm = Ldp)
and the same doping concentration (Nd1 = Nd2).

In Figs. 2 (a) and 2(b), the confinement poten-
tials, the sub-band energies, and the squared wave
functions belonging to these energy levels for a fixed
doping concentration (Nd1 = 5 × 1017 cm−3) and
EF = 70 meV at T = 0 K are given for symmetric
and asymmetric DQWs, respectively. Solid (dashed)
curves are corresponding to F = 0 (F = 10kV/cm).

As shown Fig. 2(a), the sub-band energy levels
appear as doublets because of tunnelling between the
two wells.26 When the electric field is applied, degen-
eracy is broken and the sub-band energy levels are
separated from each other. Electron shifts to the left
side of the structure with the effect of the electric
field.

As shown in Fig. 2(b), the left well is wider than
the right one. The asymmetry breaks the degeneracy
of the two confined states and this results in the lower
energy state (E1) being more localized in the wider
left-hand well and the higher energy state (E2) being
associated with the narrower right-hand one. When
the electric field is applied, the depth of the potential
in the left well increases while the depth of the poten-
tial corresponding to the right well decreases and so,
the energy levels are separated from each other.

The effects on potential profile of electric field,
for two different doping concentrations, are shown in
Figs. 3(a) and 3(b), respectively. In self-consistent
calculation, we assume that Fermi energy is con-
stant at T = 0 K (i.e. EF = Ed). In this figure, the
Fermi energy is set to 0 eV. As seen in these figures,
as doping concentration increases, the band bending

increases. It has been shown that when we apply elec-
tric field to the structure, in addition to effects that
doping concentration has made, the well on the left
gets more deeper and finally, band bending increases
with the electric field and doping concentration.

In Figs. 4(a) and 4(b), the variation of the sub-
band energy levels as a function of doping concen-
tration for F = 0 (solid lines) and F = 10kV/cm
(dashed lines) electric field values are given for sym-
metric and asymmetric DQWs, respectively. With
increasing doping concentration and applied electric
field, the depth of the potential profile, the sub-band
energies and populations, and the density profiles are
importantly changed. At high doping concentration,
an increasing charge density in the doped layer leads
to more band bending and gives rise to the formation
of a deeper quantum well. Since the applied electric
field would increase the density of the electrons in the
left well and also decrease the density of electrons in
the right well, the energy levels are separated from
each other in symmetric double quantum well, while
the energy levels are brought closer together in asym-
metric double quantum well.

The change in the sub-band populations is inves-
tigated depending on the change in doping concen-
tration and applied electric field. The relationship
between these variables is shown in Figs. 5(a) and
5(b). As expected from the finding in Figs. 4(a) and
4(b), as the electric field and doping concentration
increase, the sub-band population in the left well
increases, while the sub-band population in the right
well decreases.

For different doping concentrations (Nd = 1 ×
1017 cm−3 and Nd = 5 × 1017 cm−3), the changes
in the carrier density profile − N(z) of the system
with the doping concentration and applied electric
field are displayed in Figs. 6(a) and 6(b). As seen in
these figures, with the decrease in the doping concen-
tration, while the electron density in Lw1 increases,
the electron density in Lw2 decreases. In the cou-
pled DQW structure, the electron wave functions can
easily penetrate into the barriers, and this results
in more carriers distributing the left well. Since, at
high doping concentration, the potential correspond-
ing to the Lw1 region is deeper than in Lw2, the
electrons in the Lw2 region move to the Lw1 region,
and so, the carrier density in the left well increases.
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Fig. 2. For doping concentration Nd = 5 × 1017 cm−3, the confinement potential profile, first four sub-band energy
levels, and the squared wave functions belonging to these energy levels in (a) symmetric and (b) asymmetric DQW,
respectively. Solid (dashed) curves are corresponding to F = 0 (F = 10 kV/cm).
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Fig. 3. The variation of the confinement potential according to the electric field and doping concentration in (a)
symmetric and (b) asymmetric DQW. Fermi energy is set to 0 eV. Solid (dashed) curves are corresponding to F = 0
(F = 10 kV/cm).

In conclusion, we have investigated the
electronic structure of GaAs/Al0.33Ga0.67As sym-
metric and asymmetric DQW under an applied elec-
tric field. To determine the sub-band structure, the

self-consistent methods of the Schrödinger and Pois-
son equations have been used. We have studied the
effect of the electric field together with the doping
concentration. As a result, we have seen that the
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Fig. 4. The variation of the sub-band energy levels as a function of doping concentration for F = 0 (solid lines) and
F = 10 kV/cm (dashed lines) electric field values in (a) symmetric and (b) asymmetric DQW.
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Fig. 5. The variation of the electron populations vs the doping concentration for F = 0(solid lines) and
F = 10 kV/cm(dashed lines) electric field values in (a) symmetric and (b) asymmetric DQW, respectively.

high doping concentration and applied electric field
lead to significant changes of electronic structure of
modulation-doped DQW; thus, the donor concen-
tration and electric field can be used as a tuning
parameter for semiconductor devices. More examples

of the modulation-doped potentials with an exter-
nally applied electric field and their applications to
electronic devices based on the inter-sub-band transi-
tions and resonant tunnelling diodes can be designed
by considering these results.
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