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In this work we study the binding energy of the ground state for

hydrogenic donor impurity in laterally coupled GaAs/

Ga1�xAlxAs double quantumwellwires, considering the effects

of hydrostatic pressure and under the influence of a growth-

direction applied electric field. We have used a variational

method and the effective mass and parabolic band approx-

imations. The low dimensional structure consists of two

quantum well wires with rectangular transversal section

coupled by a central Ga1�xAlxAs barrier. In the study of the

effect of hydrostatic pressure, we have considered the G – X

crossover in the Ga1�xAlxAs material, which is responsible for

the reduction of the height of the confining potential barriers.

Our results are reported for several sizes of the structure

(transversal sections of the wires and barrier thickness), and we

have taken into account variations of the impurity position

along the growth-direction of the heterostructure, together with
the influence of applied electric fields. Themain findings can be

summarized as: (i) for symmetric quantum-well wires (QWW)

the binding energy is an even function of the growth-direction

impurity position and this even symmetry breaks in the case of

asymmetric structures; (ii) the coupling between the two

parallel wires increases with the hydrostatic pressure due to the

negative slope of the confinement potential as a function of

pressure; (iii) for impurities in the central barrier the binding

energy is an increasing function of the hydrostatic pressure;

(iv) depending on the direction of the applied electric field and

the fixed impurity position, the binding energy can behave as an

increasing or decreasing step function of the applied electric

field, and finally (v) for appropriate values of the wires and

barrier widths the results reproduce the exact limits of 2D and

3D hydrogenic atom as well as the limits of finite and infinite

potential barrier quantum wells.
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
1 Introduction Pioneering works in the experimental
field as the ones performed by Esaki and Tsu [1], together
with those on theoretical aspects as it is the case of Bastard’s
study [2], opened the door to the possibility of varying the
effective gap in semiconductor materials. This is accom-
plished by achieving a condition of quantum confinement for
charge carriers. The main examples of these confined
systems are the so-called semiconductor heterostructures.
In this group one can find structures such as quantum wells
(QW), QWW, and quantum dots (QD). All this has great
implications for the technology of data storage and reading,
and for the (electrical and/or optical) transmission of information.

It is long known that by doping a semiconductor with
donor and/or acceptor impurities new electronic states
appear in the energy spectrum. They lie within the gap of
the semiconductor, thereby decreasing the width of the
forbidden energy gap in it. Alternatively, when low
dimensional systems such QW, QWW, and QD are built
via the coupling of semiconductors with different energy
gap, the effective forbidden energy region of the semicon-
ductor becomes enlarged.

On the other hand, effects such as hydrostatic pressure,
electric and/or magnetic fields, excitation by cw-laser
radiation, etc. can be used to modulate the optical properties
and the electronic and/or impurity states in such hetero-
structures. Taking the case of GaAs as an example,
application of hydrostatic pressure results in both the
augment of the energy gap and the conduction band effective
mass as well as in a decrease and the static dielectric constant
of the material. This means for example the occurrence of a
blueshift in absorption and photoluminescence spectra [3, 4],
and also the increase in the binding energy of the confined
excitons [5] and donor impurities [6, 7]. In addition, onemay
find consequences like the appearance of red and blue shifts
in the photoionization cross section associated with confined
impurities in the heterostructures [8–10]; and the increasing
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of the in-plane resistivity of the two-dimensional electron gas
in delta-doped systems [11]. High enough applied pressure
leadsa type I heterostructure tobecomea type II one, giving the
possibility of associating the minimum energy in the
photoluminescence spectra either to spatially direct or indirect
exciton transitions. Among the various physical parameters of
doped and un-doped GaAs the optical-absorption edges and
their dependence of pressure are of particular interest. Using
diamond-anvil-cell techniques and high-pressure photolumi-
nescence, Wolford and Bradley [12] and Leroux et al. [13]
have investigated experimentally the low-energy optical gaps
for pressure extended up to the first structural transition near
17GPa. Useful information such as the direct--indirect
character of the optical transitions can be obtained by tuning
the energy levels with pressure through the G–X conduction-
band crossover due to the very different pressure coefficients of
the conduction-band minima at the G and X points of the
Brillouin zone [14, 15].

Many authors have studied the effect of the G–X
crossover on the optical properties associated with excitons
and impurities in GaAs QW and InAs/GaAs self-assembled
QD [16–26]. The studies have shown a good agreement with
experimental results for the pressure coefficient of the
photoluminescence peak transitions. The works of González
et al. [27] and Kasapoglu et al. [9, 28] associated with
impurities in QW and QWW have shown that the binding
energy increases linearly with hydrostatic pressure in the
direct gap regime and for pressures above the crossing
between the G and X conduction band minima – for the
barrier material –, the binding energy grows to a maximum
and then decreases. The latter behavior is due to the lowering
of the effective potential that confines the carriers in the
region of the QW, QWW, or QD.

An applied electric field can reduce the effective energy
gap in systems consisting of single QW, QWW, and QD;
with the consequent redshift of the photoluminescence and
absorption spectra. In the case of heterostructures composed
by coupled not symmetrical systems (for example coupled
QW), depending on the direction of the applied electric field
it is possible to observe a redshift or a blueshift of the spectra
[29, 30]. Butov et al. and Parlangeli et al. [16–19] have
studied the effects of an electric field on the spatially direct
and indirect transitions in coupled QW. They have also
considered the effects ofmagnetic fields and have shown that
the recombination time of exciton pairs can increase by
several orders of magnitude, when crossed fields are used. de
Dios-Leyva et al. [31, 32] have calculated the effects of
crossed electric and magnetic fields in GaAs double QW and
have shown a direct connection between the direction along
which the fields are applied and the electric field values for
which the first anticrossing between the two lowest-energy
structures of photoluminescence spectra occurs. Studies on
the effects of electric fields on impurity states in QD with
different geometries and confinement profiles have revealed
that the optical properties of impurity states in such systems
are strongly affected by the magnitude of the confinement
and the strength of the applied electric field [33–35].
www.pss-b.com
A variety of studies have been reported on the combined
effects of electric and magnetic fields on impurity states in
QWW with different geometries [36–38]. Coaxial QWW
have been considered with circular and rectangular cross
sections, and rectangular (abrupt potential barriers) and
parabolic potential barriers with on-axis and off-axis donor
and/or acceptor impurities have been taken into account. In
general, these works have been performed within the
effective mass approximation (EMA) and using variational
methods with trial functions depending on one and two
variational parameters.

In the framework of the EMA and using the Landau-Pekar
variational method, Vartanian et al. [39, 40] have presented a
study of the shallow donor impurity binding energy in a
rectangularQWWin the presence of a uniform electric field by
taking into account the electron–longitudinal optical (LO)
phonon interaction. They have shown that the electron–LO
phonon interaction may strongly influence the impurity
binding energy in the presence of the electric field and that
for narrow GaAs QWW, the contribution of electron–phonon
interaction to the impurity binding energy may be up to 10%.
Erdogan et al. [41] have also applied the EMA and, with a
variational procedure they calculated the effect of both electric
and magnetic fields on the ground state binding energy and
the self-polarization of a donor impurity in square and
cylindrical infinite QWWs. Their work shows that in the
high-energy regime the binding energy is only slightly
sensitive, but the self-polarization is insensitive, to the
magnetic field strength.

Again, a variational procedure within the EMA allowed
Bai andLiu [42], andLiu et al. [43] to investigate the effect of
compressive stress on the binding energies of shallow-donor
impurity states in symmetrical GaAs/AlGaAs double QWW
and QD with finite potential barrier height. The stress was
applied in the x direction (the growth-direction of the
structure) and the donor ion was located at various positions
along the x-axis. Their calculations have included the
crossover between the G- and X-conduction bands. As a
general feature, they observed that the coupling effects
become strong when the barrier widths become small, for
fixed applied stress.

Stimulated by the work of Bai and Liu [42] the present
research is concerned with a theoretical study of the
combined effects of hydrostatic pressure and applied electric
field on the binding energy of a shallow-donor impurity in
coupled GaAs/Ga1�xAlxAs QWW with finite confinement
potential and rectangular transversal section. The effective-
mass and parabolic band approximations have been
considered within a variational procedure. The paper is
organized as follows: in Section 2we describe the theoretical
framework, Section 3 is dedicated to the results and discussion,
and finally, our conclusions are given in Section 4.

2 Theoretical framework In Fig. 1 we present a
pictorial view of the coupled double GaAs/Ga1�xAlxAs
QWW under study. The dimensions of the transversal
section of the two coupled QWW as well as the width of the
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 Pictorial view of the rectangular-transversal section
GaAs/Ga1�xAlxAs double QWWdiscussed in this work. The trans-
versal dimensions of the wires and the central coupling barrier are
shown. Also, the directions of the applied electric field and the
confinement potentials, for each region of the space, are defined.
central barrier are depicted. The (x, y)-dependence of the
confinement potential is denoted by different intensities of
the gray color. The electric field is applied along the
x-growth-direction of the heterostructure. In the effective
mass and parabolic bands approximations, the Hamiltonian
for a donor impurity in a couple double GaAs/Ga1�xAlxAs
QWW under the combined effects of hydrostatic pressure
(P) and in-growth-direction applied electric field (~F¼�Fbx )
is given by
� 20
Ĥ ¼ ~̂p2

2m�
eðPÞ

� eFxþ Vðx; y;PÞ � e2

eðPÞr ; (1)

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiq
18

19

20

E d

E c(m
eV
)

where ~̂p, rð¼ ðx� x0Þ2 þ y2 þ z2Þ, m�
eðPÞ, and V (x, y, P)

are the momentum operator, the electron-impurity distance
[coordinates (x, y, z) and (x0, 0, 0) correspond to the electron
and impurity positions, respectively], the hydrostatic-
pressure-dependent conduction effective mass, and
the hydrostatic-pressure-dependent confining potential,
respectively. e is the absolute value of the electron charge
and eðPÞ is the hydrostatic-pressure-dependent static dielec-
tric constant for the GaAs material. For the confinig
potential, V0(P), we use the 60% of the hydrostatic-
pressure-dependent barrier-well band-offset. The pressure
dependencies of the conduction effective mass, GaAs static
dielectric constant, and confinement potential (in meV) are
given, respectively, by Refs. [7, 44]
17

E bE b
m�
eðPÞ ¼ 0:0665þ 5:60� 10�4 kbar�1P

� �
m0; (2)
E
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eðPÞ ¼ 12:6273� 0:0088 kbar P; (3)
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16
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Figure 2 Binding energy as a function of the hydrostatic pressure
for a donor impurity in a GaAs/Ga0.7Al0.3As double QWW. The
result is for (10, 1, 10) nm.The impurity is located at the center of the
right-hand wire (see Fig. 1).
V0ðPÞ ¼
257� 0:01 kbar�1P; P � 9:57 kbar;

316� 5:02 kbar�1P
� 0:12 kbar�2P2; P > 9:57 kbar;

<
:

(4)
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where m0 is the free electron mass and P is given in kbar.
The wave function for the impurity ground state and its

corresponding energy are obtained by means of a variational
procedure which minimizes the energy functional:
EðlÞ ¼ hFðx; y; zÞjĤjFðx; y; zÞi
hFðx; y; zÞjFðx; y; zÞi ; (5)
where l is the variational parameter and the trial wave
function, Fðx; y; zÞ, is
Fðx; y; zÞ ¼ Nf ðxÞ cos py=Ly
� �

e�lr: (6)
Here e�lr represents a 1s-like hydrogenic wave function,
and f ðxÞ=gðyÞ½¼ cos py=Ly

� �
� is the eigenfunction (with

eigenvalue Ex=Ey) of the x/y-dependent part of the
Hamiltonian in Eq. (1), without the impurity potential term
at the right. Here we follow the work by Xia and Fan [45]
and write f(x) as
f ðxÞ ¼ 1

L

� �1
2X1
m¼1

Cm sin
2mpx

L
þ mp

2

� �
: (7)
The impurity binding energy is obtained by the usual
definition
Eb ¼ Ex þ Ey � EðlÞjmin: (8)
3 Results and discussion In what follows, all the
results are reported for Ly¼ 10 nm; the simplified notation
(L1, Lb, L2), with LC¼ L1þ Lbþ L2, will be used when
making reference to the dimensions of the double QWW
system.

In Fig. 2 we show the binding energy as a function of
hydrostatic pressure. We have separated the effects of
hydrostatic pressure individually. The curve denoted by Ea

corresponds to the binding energy under the effects of
hydrostatic pressure only on the confinement potential V0(P)
with constant values of effective mass m� and dielectric
constant e –-the binding energy reflects a linear behavior
www.pss-b.com
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Figure 3 Binding energy as a function of the width of the central
barrier for a symmetricGaAs/Ga0.7Al0.3As doubleQWWof dimen-
sions(10,Lb, 10)nm.The impurity is locatedat thecenterof the right-
hand wire (see Fig. 1). The binding energy is calculated for several
valuesof thehydrostaticpressureandappliedelectricfield. (a)F¼ 0,
(b) F¼ 100 kV/cm.
approximately constant until P¼ 9.57 kbar and for greater
pressures a decreasing behavior as expected by considering
Eq. (4). The curve Eb shows in a combined way the effects of
hydrostatic pressure on the dielectric constant and the
confinement potential leaving constant the effective mass.
The results reflect an increase in the binding energy due to the
decrease in the dielectric constant and thus an increase in the
Coulomb interaction term. The curve Ec shows in a
combined way the effects of hydrostatic pressure on the
effective mass and the confinement potential leaving
constant the dielectric constant. Again, the results reflect
an increase in the binding energy, due to the increase in the
effective mass with the hydrostatic pressure. The curve Ed

shows simultaneously the effects of hydrostatic pressure on
the effective mass, the dielectric constant, and the confine-
ment potential, indicating the pronounced increase in the
binding energy due to the overlap of the individual effects.
Table 1 shows the quadratic adjustments with hydrostatic
pressure of the binding energy curves in Fig. 2. The curve Ed

corresponds to the overlap of the curves Eb and Ec

(Ed¼EbþEc), that is to say, the combination of the effects
of the hydrostatic pressure on the effective mass and the
dielectric constant is the sum of their individual effects.
We validate this claim by the linear coefficients of the
adjustment, since it holds that ad ¼ ab þ ac � aa. Besides,
clearly we observe that ac > ab, showing thus that the
influence of the hydrostatic pressure on the effective mass
has predominant effects on the binding energy compared to
the influence of the hydrostatic pressure on the dielectric
constant.

The results for the binding energy of a donor impurity in
aGaAs/Ga0.7Al0.3 asymmetric doubleQWWas a function of
the width of the central barrier (Lb) are shown in Fig. 3. In the
case of zero electric field [Fig. 3(a)], as long as Lb increases
the binding energy augments. In this situation the wave
function is concentrated near to the impurity site (the center
of the right-hand wire QWW2), decreasing the expectation
value of the electron-impurity distance along the x-direction
[Dx ¼ hFðx; y; zÞ k x� x0 k Fðx; y; zÞi]. The almost con-
stant region of values ofEb, shown for large enough values of
the interwell barrier width, is due to the fact that the
probability to find the electron in the left wire is
approximately zero. The final increase of the binding energy
for Lb near 40 nm and above comes from to the interaction
with the infinite potential barriers in x¼ þ L/2 (see Fig. 1). A
rise of P from 0 to 15 kbar causes the GaAs effective mass
Table 1 Quadratic adjustments of the binding energy curves in
Fig. 2 as a function of hydrostatic pressure (Ei ¼ E0iþ
aiPþ biP

2).

Ei (meV) E0 (meV) a (kbar�1) b (kbar�2)

Ea 17.73 0.017 �0.002
Eb 17.73 0.037 �0.002
Ec 17.70 0.116 �0.003
Ed 17.69 0.136 �0.003

www.pss-b.com
increases and the dielectric constant to fall, resulting in an
increase in the confinement of the carriers and in the
Coulomb interaction, which is reflected in the increment of
the binding energy observed in the figure (see above the
discussion of Fig. 2). But if P reaches the value of 30 kbar,
then the values of the binding energy turn to be lower. In fact,
what we have for P> 9.57 kbar is a considerable decrease of
V0(P), making the system less confined and therefore the
binding energy goes down. It is observed that for Lb ! 0 the
binding energy is higher as the hydrostatic pressure is higher,
mainly due to the increase in the confinement of the carriers
and also, but with lesser influence, in the Coulomb
interaction with the hydrostatic pressure. Furthermore, if
an external applied electric field with strength equals to
100 kV/cm is considered [Fig. 3(b)], the situation changes as
follows. The approximately constant behavior of the binding
energy as a function of Lb, in the case of P¼ 0, is due to the
displacement of the wave function toward the proximities of
the impurity. That is, the wave function strongly localizes
within the QWW2 region. For P¼ 15 kbar the effective mass
increases and the dielectric constant decreases and, con-
sequently, the carrier confinement, the Coulomb interaction,
and the binding energy increase. If finally the hydrostatic
pressure is raised up to P¼ 30 kbar there will be a
considerable decrease in V0(P), allowing that the applied
electric field pushes the wave function to the barrier region
between Lb=2þ L2 < x < þL=2, thus increasing Dx. As a
consequence, Eb diminishes. The growing behavior
observed when Lb increases is explained by realizing that
the impurity is now located in the region for which the
electron amplitude of probability is maximum. Then Dx

decreases, leading to the increase in the Eb. As commented
above for in Fig. 3(a), the final augment in the binding energy
curves are due to the interaction with the infinite potential
barriers at x¼ þ L/2.

Figure 4 shows the results for the binding energy of a
donor impurity in a GaAs/Ga0.7Al0.3As symmetric double
QWW as a function of the wire width, Lw¼ L1¼ L2, for
different combinations of hydrostatic pressure and applied
electric field. For small Lw values the wave function is
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4 Bindingenergyofadonor impurity ina symmetricGaAs/
Ga0.7Al0.3As double QWW of dimensions (Lw, Lb, Lw) nm. The
results are as a functionof thewidthof thewire and for several values
of thewidthof thecentralbarrier.The impurity is locatedat thecenter
of the right-hand wire (see Fig. 1). The binding energy is calculated
for different values of hydrostatic pressure and applied electric field.
confined by the presence of the potential barriers in its
proximity, with the corresponding increase of the binding
energy. There is a critical value for the wire and central
barrier widths for which the binding energy reaches a
maximum; such values correspond to the optimum setting
for which the wave function penetrates very little in the
regions of the barrier. IfLw ! 0 the binding energy tends to –
approximately – the limit of the binding energy of an infinite
QW of width Ly¼ 10 nm at P¼ 0 (� 14.3meV as previously
obtained [7]). The decrease in the binding energy for large
values of Lw is due to the fact that the wave function spreads
along the entire wire width. In Fig. 4(a), for Lw> 2 nm, when
Lb¼ 8 nm it can be observed that the binding energy is larger
than in the case of Lb¼ 2 nm. This is due to the fact that for
larger barriers the two QWW become uncoupled, causing
that the electron is essentially confined in the region of the
impurity site. When applying a finite hydrostatic pressure,
Fig. 4(b), we can discuss two separately influencing effects
once again: (i) the effective mass is an increasing function of
the hydrostatic pressure, with the increasing of the carriers
confinement, and the dielectric constant is a decreasing
function of the hydrostatic pressure, with the increasing of
the Coulomb interaction strength; (ii) the confinement
potential V0(P) is a decreasing function of the hydrostatic
pressure. In the regime of small Lw values, this second effect
is dominant over the first one. For that reason, it is now seen
that the curves of the binding energy as a function of Lw show
a smaller slope till the corresponding maximum. For large
Lw, the binding energy increases (compared to the binding
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
energywithout hydrostatic pressure) due to an increase in the
carriers confinement and in the electrostatic interaction,
being the effects associated with the effective mass the
dominant over the confinement potential effects (see above
the discussion of Fig. 2). For Lw ! 0 the binding energy is
approximately in the limit of the binding energy of on-center
donor impurity in an infinite QW of width Ly¼ 10 nm at
P¼ 30 kbar (� 17.4meV [7]). There is also a set of critical
values for the widths of wire and central barrier for which the
binding energy reaches a maximum. Such values are
displaced toward the right with respect the associated ones
for zero P. Again, this behavior is associated with the
decrease of V0(P). Applying an electric field to the system,
Fig. 4(c), results in an increasing of Dx with the correspond-
ing decrease in the binding energy. This configuration of
applied electric field pushes the electronwave function to the
limit of the infinite potential at x¼þL/2. There is an specific
value of Lw for which the electron wave function is confined
in the proximity of the impurity. For higher values of such
width the wave function spreads all over the transversal
section of the wire increasing Dx, thus reflecting the final
decrease of the binding energy. When considering – in a
combined way – the effects of hydrostatic pressure and
electric field, Fig. 4(d); it can be observed a rising in the
binding energy as long as Lw grows. Due to the hydrostatic
pressure the carrier confinement and the electrostatic
interaction increases and the confinement potential falls.
Because of the applied electric field, the wave function is
shifted far from the impurity site with the corresponding
increasing of Dx. By enhancing the wire widths, there is an
approach between the impurity site and the point where the
square modulus of the wave function has its maximum, with
the consequent decrease of Dx, leading to an increase in the
binding energy.

The dependencies of the donor binding energy upon the
x-impurity position in rectangular-transversal section GaAs/
Ga0.7Al0.3As double QWW are shown in Figs. 5 and 6 for
F¼ 0 and F¼ 100 kV/cm, respectively. Two values of the
hydrostatic pressure have been considered: P¼ 0 (a) and
P¼ 30 kbar (b). The lines 1 and 2 correspond, respectively,
to symmetrical and asymmetrical settings of the dimensions
of the double QWW. In (c) and (d) it is shown the square
module of the x-dependent wave function f(x). Let us, first,
concentrate our attention on the case of F¼ 0 (Fig. 5). It can
be seen that when the system is symmetric (1), jf(x)j2 is also
symmetric, indicating that the electron can be found in any of
both QWWs. On the other hand, when the system is
asymmetric (2), jf(x)j2 is asymmetric as well, indicating that
the electron is essentially located in the QWW of largest
transversal section. In Fig. 5(a), the binding energy is
presented as a function of the x-impurity position. In the case
of the symmetric structure (line 1) as the impurity moves
along the QWW1 region, the maximum of the electron wave
function locates in the proximity of the impurity, reflecting
the highest value of the binding energy there (where it is
higher the probability of finding the electron). When the
impurity is in the barrier region, Dx grows and the binding
www.pss-b.com
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Figure 5 (a) and (b) Binding energy as a function of the impurity
position in a symmetric GaAs/Ga0.7Al0.3As double QWW. The
results are for two values of the hydrostatic pressure with F¼ 0
and for (10, 1, 10) nm (line 1) and (5, 2.5, 10) nm (line 2). (c) and
(d) are for jf(x)j2 for two different values of the hydrostatic pressure
withlines1and2havingthesamemeaningsuchasinFigs. (a)and(b).
energy decreases. When the impurity enters to the QWW2

region the wave function is again located in the proximity of
the impurity, once more reflecting the highest value of
binding energy. The symmetry in the binding energy is a
consequence of the symmetry of jf(x)j2. For the case of
asymmetric structure (line 2), the predominant location of
the wave function in the QWW2 region implies a higher
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Figure 6 The results are as in Fig. 5, but for F¼ 100 kV/cm.
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maximum of the binding energy; providing the binding
energy with an asymmetric behavior as a consequence of the
asymmetry in jf(x)j2.

The application of hydrostatic pressure to the system
[Fig. 5(b)] reduces considerably the value of V0(P) allowing
the wave function to spread along the whole heterostructure
[see Fig. 5(d)]. Consequent with the decreasing of V0(P),
there is an increasing of jf(x)j2 in the central barrier which
finally reflects in higher values of the binding energy for
impurities located in the barrier region. In other words, the
hydrostatic pressure strongly couples the two QWW. If we
now we go on the case of F¼ 100 kV/cm (Fig. 6), it can be
seen that for both configurations – symmetric (line 1) and
asymmetric (line 2) – the electron is essentially in theQWW2

region and in consequence the binding energy is largest/
lowest for impurities in the QWW2/QWW1 region
[see Fig. 6(a)]. Applying hydrostatic pressure to the system
reduces considerablyV0(P). This allows thewave function to
be polarized and displaced by the electric field outside of the
region of the double QWWs and toward the finite barrier in
the region Lb=2þ L2 < x < þL=2 [see Fig. 6(d)]. As the
impurity is displaced inside the heterostructure, Dx

decreases, thus increasing the value of the binding energy
when the impurity moves toward the QWW2 region.

In Fig. 7 are depicted the results for the dependence of the
binding energy with the applied electric field and the
hydrostatic pressure for a donor impurity in a rectangular-
transversal section GaAs/Ga0.7Al0.3As double QWW. The
impurity is located at the center of the QWW2 region. In
Fig. 7(a) it is seen that, when increasing the electric field, the
electron wave function is polarized and displaced toward
the QWW2 region, favoring the confinement of the wave
function in the proximity of the impurity, which reflects in an
increase in the binding energy. When the increase in
the electric field continues the wave function can enter the
barrier zone Lb=2þ L2 < x < þL=2 provoking an increase
inDx and consequently a decrease in the binding energy. For
large enough applied electric field values (�144 kV/cm) the
electron wave function reaches the infinite barrier at þL/2,
keeping Dx constant and reflecting the constant value of the
binding energy. For negative values of the applied electric
field, the electron wave function polarizes andmoves toward
the QWW1 region, increasing Dx and decreasing gradually
the binding energy up to the limit value. With more negative
values of the applied electric field, the electron wave
function reaches the infinite barrier at �L/2, keeping Dx

constant and – once again – reflecting the constant value of
the binding energy. It should be noticed when observing the
curves that the initial value of the binding energy is lower
than the final value, due to the fact that when the electron is
pushed to the infinite barrier at �L/2 the electron-impurity
distance is larger than in the situation when the electron is
pushed to the infinite barrier at þL/2.

Applying hydrostatic pressure, Fig. 7(b), reduces
considerably V0(P) provoking a decrease in the applied
electric field necessary to polarize and displace the wave
function up to the infinite potential barriers at �L/2. The
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7 Binding energy as a function of the applied electric field
andhydrostaticpressureforadonor impurity inaGaAs/Ga0.7Al0.3As
double QWW. The results are for (10, 1, 10) nm (line 1) and (5, 2.5,
10)nm(line 2).The impurity is located at the center of the right-hand
wire (see Fig. 1).
effect of the hydrostatic pressure, Fig. 7(c), increases/
reduces gradually the effective mass/dielectric constant
which favors the carrier confinement/Coulomb interaction,
leading to an augment of the value of the binding energy (see
above the discussion of Fig. 2). For large enough values of
the hydrostatic pressure (over the G – X crossover in the
barrier material), V0(P) is reduced considerably predominat-
ing over the term of Coulomb interaction. This is reflected in
the final decrease of the binding energy. For the asymmetric
setting (line 2) the predominating location of the electron
wave function is in the QWW2 region; whereas for the
symmetric setting (line 1) there is the same probability in
each of the wires. The value ofDx is lower in the asymmetric
setting (line 2) which reflects in the higher values of Eb. The
application of an electric field of 100 kV/cm, Fig. 7(d),
polarizes and displaces the electron wave function toward
the QWW2 region, favoring the confinement in such region.
The initial increment of the binding energy is associatedwith
the gradual increase/decrease in the effectivemass/dielectric
constant with the hydrostatic pressure. In the high pressure
regime (over the G – X crossover in the barrier material),
V0(P) is considerably reduced allowing the electron wave
function to reach the infinite potential at þL/2, with
the consequent large value of Dx. So that, there is a
considerable decrease in the binding energy with constant
behavior in the end of the curve.

4 Conclusions Using a variational method and the
effective mass and parabolic band approximations we have
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
calculated the binding energy of a donor impurity in
rectangular-transversal section GaAs/Ga1�xAlxAs double
quantum well wires under the combined effects of hydro-
static pressure and applied electric field. The impurity has
been located in different regions of the transversal section of
the heterostructure, which has been studied for symmetric
and asymmetric configurations. Calculations have con-
sidered the hydrostatic pressure-related G – X crossover for
the conduction bands of the Ga1�xAlxAs material. The
findings can be summarized as follows: (i) for symmetric
double QWW structures a symmetric behavior can be
observed of the binding energy when the impurity position
moves throughout the growth-direction of the heterostruc-
ture (x); and this symmetric behavior breaks in the case of
asymmetric structures and can be understood in terms of the
line-shape of the amplitude of probability along the
x-direction; (ii) the hydrostatic pressure favors the coupling
between the two QWW that compose the system; (iii) for
impurities in the central barrier the binding energy is an
increasing function of the hydrostatic pressure; (iv) for fixed
impurity positions the binding energy behaves as increasing
or decreasing step function of the applied electric field and
this behavior is associated with the direction of the applied
electric field and with the impurity position, and (v) for large
enough values of the applied electric field, and depending of
the value of the hydrostatic pressure, the information of the
double QWW heterostructure is lost and the system behaves
as a single rectangular-transversal section quantum QWW
with infinite confinement potential barriers and transversal
dimensions L� Ly.

The study here presented constitutes a derivation of our
previous work of impurities in coupled QW [7]. The new
features under consideration here is that we have studied the
coupling of QWW not only through changes in hydrostatic
pressure and changes in the width of the central barriers but
also by the effect of an applied electric field. Note that going
from a one dimensional confinement (QW) to a two-
dimensional confinement (QWW) implies an increase in
the binding energy of the carriers essentially in a factor of
two. The character of coupled QWWbecomes in a system of
two coupled QW for Ly larger than � 500 Å. To consider an
additional confinement in the z-direction corresponds to the
problem of two coupled QD. This geometry could be useful
for example in the study of an exciton in a pair of laterally
and/or vertically coupled QD. Finally, The results presented
here would be complemented with the study of the
dependence of donor impurity states upon the effect of
electron–phonon interaction. A confined-optical-phonon
model becomes suitable for calculating the corresponding
bound-polaron corrections [46–51]. Work on this subject
and also of the problem of exciton and impurity states in
coupled QD is currently in progress and its results will be
published elsewhere.
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