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The effects of intense laser radiation on the exciton states

in GaAs-Ga1–xAlxAs quantum wells are studied with the

inclusion of applied dc electric fields oriented along the growth

direction of the system. The calculations are made within the

effective mass and parabolic band approximations. The intense

laser effects have been included along the lines of the Floquet
method, modifying the confinement potential associated to

the heterostructure. The results for the exciton binding energy,

the energy of the exciton-related photoluminescence peak,

and the carriers overlap integral are presented for several

configurations of the quantum well size, the strength of the

applied electric fields, and the incident laser radiation.
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1 Introduction The evolution of the emerging field of
nanoelectronics is closely related to the study of the effects of
external electromagnetic fields on the optical and transport
properties of low-dimensional systems [1]. The electron and
hole states in nanostructures are affected by the application
of electric and/or magnetic fields, and also by external
perturbations like hydrostatic pressure or temperature [2].

Research activities on the interaction of intense laser
fields (ILF) with carriers in semiconductor nanostructures
were stimulated by the development of high-power tunable
laser sources, such as free electron lasers [3]. Interesting
physical phenomena have been revealed. For instance, the
presence of changes in the electron density of states in
quantum wells (QWs) and quantum well wires (QWWs)
[4, 5], the measurement of zero-resistance states in two-
dimensional electron gases under microwave radiation [6],
terahertz resonant absorption in QWs [7], and Floquet-Bloch
states in single-walled carbon nanotubes [8], among others.

The influence of an intense high-frequency laser field on
the physical properties of bulk semiconductors has received
some discussion and analysis in the literature [9–12]. A
number of investigations on the effect of laser fields on low
dimensional heterostructures have been published. The
dressed atom approach was extended by Brandi et al.
[13, 14] to treat the influence of the laser field upon a
semiconductor system. In the model, the interaction with the
laser is taken into account through the renormalization of the
semiconductor effective mass. More recently, a theoretical
study of the combined effects of intense high frequency laser
and static magnetic fields on the binding and transition
energies was developed by Niculescu and Burileanu [15] to
investigate the ground and some excited states of an on-
center hydrogenic donor in a cylindrical GaAs QWW. It was
found that the effect of the laser field is more pronounced for
s-like states, whereas for 2p-like states the binding energy is
weakly dependent on the laser dressing parameter. Using the
same scheme, the laser-dressing effects on the electron g-
factor in GaAs-Ga1–xAlxAs QWs and QWWs under applied
magnetic fields have also been calculated [16]. The
possibility of manipulating and tuning the conduction-
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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electron g-factor in heterostructures by changing the
detuning and laser field intensity was discussed in that work.

In addition, the ILF effects on the density of impurity
states of shallow donors in a square, V-shaped, and inverse
V-shaped QWs have been studied by Niculescu et al.
[17, 18]. It was concluded that a proper consideration of the
density of impurity states may be relevant in the interpret-
ation of the optical phenomena associated with shallow
impurities in QWs; where there is a competition between the
effects of an ILF, the applied dc electric field and the
quantum confinement. The laser effects have also been
included in calculations of a donor-impurity polarizability in
a QW under an applied electric field, with the finding of a
lack of monotonicity for the polarizability as a function of
external perturbations like an applied electric field and the
incoming laser radiation [19].

The appearance of an unexpected transition from single
to double QW potential induced by ILF was revealed in a
theoretical study from Lima et al. [20]. Within the laser-
dressed potential model it is found that the formation of a
double-well potential for values of the laser frequencies and
intensities such that the so-called laser-dressing parametera0
is larger than L/2, where L is the QW width. This fact is
associated with the possibility of generating resonant states
into the system’s channel, as well as of controlling the
population inversion in QW lasers operating in the optical
pumping scheme. Finally, the study of ILF effects has been
extended to another heterostructures such as QWWs and
QDs with several configurations of the quantum confine-
ment, stoichiometry of the well and barrier regions,
geometries of the systems, and external perturbations
like applied electric and magnetic fields and hydrostatic
pressure [21–24].

The knowledge of exciton states is important for
the correct understanding of some optical properties in the
semiconducting low-dimensional systems. Therefore, the
investigation of the excitonic properties in heterostructures
under ILF is, arguably, an area of current interest.
Accordingly, the present work is concerned with the
theoretical study of the effects of ILF on the exciton states
in single QWs. The research is extended to include the
additional influence of an applied dc electric field oriented
along the growth direction. The laser-dressed potential
above mentioned, as well as the effect of single-to-double
potential well transition are the subject of particular
investigation in our case. The paper is organized as follows.
In Section 2, we 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 Here we are concerned
with the effects of ILF on the binding energy of a heavy-hole
exciton in a single GaAs-Ga1–xAlxAsQWgrown along the z-
axis and in the presence of applied electric field. The
envelope-function and parabolic-band approximations are
assumed. The choice for the electric field orientation is
F ¼ ð0; 0; �FÞ. Then, the Hamiltonian for the confined
www.pss-b.com
exciton is given by
Ĥ ¼ � �h2

2m�
e

r2
e þ VeðzeÞ þ eF � re

� �h2

2m�
h

r2
h þ VhðzhÞ � eF � rh �
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ejre � rhj
;

(1)
where re (rh) is the electron (hole) coordinate, m
�
eðm�

hÞ is the
spherically symmetric electron (hole) effective mass, e is the
static dielectric constant, e is the absolute value of the
electron charge, and ViðziÞ (i¼ e, h) are the QW confining
potential for the electron and hole. The functional form of
the potential in the absence of the ILF is given by
ViðziÞ ¼

0; jzij � þL=2;

Vi; þL=2 < jzij � þL1=2;

1; jzij > þL1=2:

8>><
>>: (2)
The electron and hole effective masses and the static
dielectric constant have been considered to have the same
value (the one in GaAs) throughout the GaAs-Ga1–xAlxAs
QW.

In order to find the eigenfunctions Cðre; rhÞ of the
exciton Hamiltonian [Eq. (1)], it must be noticed that the
total in-plane exciton momentum bP ¼ ðbPx; bPyÞ is an exact
integral of motion [25–27] and the exciton envelope wave
function may be written as
Cðre; rhÞ ¼
exp ði=�hÞðP � RÞ½ �ffiffiffi

S
p f r; ze; zhð Þ; (3)
where S is the transverse area of the GaAs-Ga1–xAlxAs QW,
R and r are the in-plane center of mass and relative exciton
coordinates, and P ¼ ðPx; PyÞ is the eigenvalue of the
operator P̂. If P¼ 0 (ground state), fðr; ze; zhÞ is the
eigenfunction of the Hamiltonian
Ĥ ¼
bp 2
r

2m
þ Ĥe þ Ĥh �

e2

e½r2 þ ðze � zhÞ�
1
2

; (4)
where bpr ¼ bx bpx þ by bpy, m ¼ m�
em

�
h=ðm�

e þ m�
hÞ,
Ĥe ¼
bp 2
ze

2m�
e

þ VeðzeÞ � eF ze; (5)
and
Ĥh ¼
bp 2
zh

2m�
h

þ VhðzhÞ þ eFzh: (6)
The method for the obtention of the electron and hole
states is based on the work by Xia and Fan [28]. The z-
dependent eigenfunctions of theHamiltonians inEqs. (4) and
(5) (f ðziÞ; i ¼ e; h) are written as expansions of the type
f ðziÞ ¼
2

L1

� �1
2 X1
m¼1

Cmsin
mpzi
L1

þ mp

2

� �
: (7)
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Naturally, the number of terms included in the
calculation cannot be infinite. It has been shown in this
case that the convergence of Eq. (7), for the specific size of
the QW considered (L1¼ 600 Å is the width of the well of
rigid barriers in this work), is ensured until 10�3meV with
the incorporation of 200 terms in the expansion of the f ðziÞ
wavefunctions.

In order to consider the ILF effects (the polarization of
the laser radiation is parallel to the z-direction), the so-called
Floquet method is adopted [29]. According to this formal-
ism, the second term at the right hand side in Eqs. (4) and (5)
must be replaced by
� 20
VðziÞ ! hViðzi; a0iÞ;

where for a0i � L=2
hViðzi;a0iÞ ¼
Vi

p
�

p; �1 < zi � �L=2�a0i;

arccos
L=2þ zi

a0i

� �
; �L=2�a0i < zi � �L=2þ a0i;

0; �L=2þ a0i < zi � þL=2�a0i;

arccos
L=2�zi
a0i

� �
; þL=2�a0i < zi � þL=2þ a0i;

p; þL=2þ a0i < zi < þ1;
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(8)
and for a0i > L=2
hViðzi;a0iÞ ¼
Vi
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L=2�zi
a0i

� �
; �L=2þ a0i < zi � þL=2þ a0i;

p; þL=2þ a0i < zi < þ1:

8>>>>>>>>>>>>>><
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(9)
Here
a0i ¼ ðeA0Þ=ðm�
i cvÞ ¼ ðI1=2=v2Þðe=m�

i Þð8p=cÞ
1=2;

(10)
is the laser-dressing parameter (from now on ILF-
parameter) [30]. In Eq. (10), I and v are, respectively,
the average intensity and the frequency of the laser, c is the
velocity of the light, and A0 is the amplitude of the vector
potential associated with the incident radiation.
11 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
Under the laser effects the last term of Eq. (4)—the one-
center electron–hole Coulomb interaction—must be
replaced by a two-center Coulomb interaction as
hViCðze; zh;a0Þ ¼ � e2

2e r2 þ ðzeh�a0Þ2
h i

1=2

� e2

2e
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ ðzeh þ a0Þ2

q ;

(11)
where zeh ¼ ze�zh and a0 ¼ ðeA0Þ=ðmcvÞ. In our calcu-
lations we have considered the approximation a0i ¼ a0,
i¼ e, h. This approximation overestimates the ILF on the
heavy-hole confinement potential, however, in the case of
light-hole excitons it is a very reasonable consideration.
Extended details about dressed potential in Eqs. (8), (9),
and (11) and the nonperturbative theory developed to
describe the atomic behavior in intense high frequency laser
field can be found in Refs. [20, 31–35].

The procedure adopted for the variational evaluation of
the exciton wavefunction in the GaAs-Ga1–xAlxAs QW
under the ILF effects is the one proposed by Fox et al. [36]
and Galbraith and Duggan [37]. The functional
EðlÞ ¼ f r; ze; zhð ÞjHjf r; ze; zhð Þh i (12)
www.pss-b.com
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fðr; ze; zhÞ ¼ N f ðzeÞ f ðzhÞexp ð�l jrjÞ ; (13)
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where r1 ¼ r� ð0; 0; a0Þ and r2 ¼ rþ ð0; 0; a0Þ. Both
propositions are going to be used in this work.

The exciton binding energy is obtained from the
definition
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Figure 1 (online color at: www.pss-b.com) Confinement
potential and z-dependent amplitude of probability for the first
electron (left panel) and hole (right panel) confined states in a
GaAs-Ga0.7Al0.3As QW. The results are for L¼ 200 Å, and several
values of the ILF-parameter have been considered: a0¼ 0 (a),
a0¼ 50 Å (b), a0¼ 100 Å (c), a0¼ 150 Å (d, e). In (a–d) the results
are for F¼ 0 whereas in (e) the results are for F¼ 20 kV/cm.
where E0 is the eigenvalue of the Hamiltonian in Eq. (4)
without the Coulomb interaction term—the last one at the
right hand side—and lmin is the value of the variational
parameter in which the energy in Eq. (15) reaches its
minimum.

3 Results and discussion The numerical outcome of
the study about the intense laser effects on the exciton
binding energy is reported for the case of a GaAs-
Ga0.7Al0.3As single QW, as a prototypical system. The
confining potential configuration chosen is that of a 60%
(40%) of the barrier-well band offset for electrons (holes)
[Ve ¼ 0:6ð1155xþ 370x2ÞmeV and Vh ¼ 0:4ð1155xþ
370x2ÞmeV, where x is the aluminum molar fraction in the
barrier material]. The parameters used in the calculations are
[28]: e¼ 12.65,m�

e ¼ 0:067m0, andm
�
h ¼ 0:34m0 (wherem0

is the free electron effective mass).
The potential responsible for the confinement of

electrons and holes in the system is depicted in Fig. 1. In
the column of figures at the left hand side the conduction
band profile is presented whilst the corresponding straigh-
tened up valence band profiles are shown in the column at the
right. The evolution of the QW profile associated with the
change in the laser intensity—without applied dc field—can
be seen by observing rows one to four in the picture. The
transition from a single to a double QW potential is observed
in the figures of the fourth road. In the fifth row the
deformation of the double QW profile due to the application
of a dc electric field is shown aswell. In all cases, the curve of
the ground state density of probability for confined electron
and heavy holes is included.

For zero applied electric field, the binding energy of the
heavy-hole exciton in a GaAs-Ga0.7Al0.3As QW is presented
in Fig. 2 as a function of the well-width, for several values of
the ILF-parameter. In accordance to the use of the two
propositions for the exciton trial wavefunction, when the
ILF-parameter is zero, the results of both choices are
coincident [it must be taken into account that the variational
parameter in Eq. (13) must necessarily be twice the one
obtained with the use of Eq. (14)]. For finite values of the
ILF-parameter it is observed that the values of Eb that come
from the two trial functions are almost the same when the
.pss-b.com
QW width is small. A consequence of the use of Eq. (14) is
the improvement in the obtained values of Eb. This is
explained by the form in which the binding energy is defined
in Eq. (15). For this reason, the results reported in the
remaining of the article for this energy will be those obtained
via Eq. (14).

From the analysis of Fig. 2 it is observed that:
(i) T
here is a coincidence of all the curves of the exciton
binding energy when the QW width is equals to zero,
independently of the value of the ILF-parameter. The
corresponding value of Eb is no other than the binding
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2 (online color at: www.pss-b.com) Binding energy of
heavy-hole exciton in a GaAs-Ga0.7Al0.3As QW as a function of
the well-width, for several values of the ILF-parameter with F¼ 0.
Lines and dots are obtained by using the trial wave functions in
Eqs. (13) and (14), respectively. The full dot at the left vertical-axis
corresponds to the exact result for the heavy-hole exciton binding
energy in aL¼ 600 Å singleQWwith infinite potential barrier [38].
In the inset there are shown our results for a0¼ 0 (solid line), the
corresponding calculations from Matos-Abiague et al. [39] (full
dots), and few experimental data in single QWs [40–42] (full
squares).

� 2011
energy of an exciton confined within the infinite barrier
QWwitha600 Åwidth;andisobtainedasaconsequence
of reaching theproper limit forL! 0.Wemustpoint out
that in the limit L! 0 our results are in perfect
accordance with previous works related with excitons
in quantum wells with infinite potential barriers [38].
Here, we define the effective Bohr radius (as a unit
length) and the effective Rydberg (as the unit energy),
respectively, as a0 ¼ eaBm0=m and R0 ¼ Rm=ðm0 e2Þ,
where aB¼ 0.529177 Å is the atomic Bohr radius and
R¼ 13.6058 eV is the Rydberg energy. In our case, with
the numerical values considered in the work, we obtain
a0¼ 119.631 Å andR0¼ 4.7559meV.Given this, in the
limit L! 0, our results correspond to an exciton
confined in quantum well of infinite barriers wit a
width L1¼ 5.0154a0 and a binding energy of
5:69 meV � 1:20R0. In the work by Bastard et al.
[38]—Fig. 2—, for aquantumwell ofwidth5.01a0 they
report a binding energy of �1.21R0. The reader is
suggested to observe the comparison between the limit
of our results obtained here when L! 0 and those of
Bastard et al. [38] which are represented by the full dots
at the left side of Fig. 2. In addition, for the sake of
comparison and validation of the present calculation, in
the inset of the figure there are shown our results for
a0¼ 0 (solid line), the corresponding calculations from
Matos-Abiague et al. [39] (full dots), and few
experimental data obtained in single QWs [40–42] (full
squares). It is readily apparent the accordance of the
outcome of the present calculation with the behavior
described both in previous theoretical works and
experiments, reported in the literature.
(ii) T
he behavior of the exciton binding energy for a0¼ 0 is
coincident with that widely discussed in the literature of
QW. There is a growth in Eb as a function of L until a
maximum is reached, with a subsequent decrease. The
initial increaseseenfor the lowervaluesof thewellwidth
is consequence of the confinement of the carriers
introduced by the veryQWbarriers. The augment of the
binding energy with L is related with the fact that the
there isanaugmentof thecarrierdensityofprobability in
thewell region(togetherwith thereductionof itsvalue in
the barriers). After reaching the maximum, the incre-
mentoftheQWwidth isreflectedinthefallof thebinding
energyvaluesgiven the larger separationof thepotential
barriers, with the consequent reduction of the carrier
confinement. It should be noticed that the monotonic
behavior of theexcitonbindingenergy forzero ILF is the
same registered for finite values of such parameter. That
is, as long as the well width is augmented, there is a
growthinthecurvesuntilamaximumisreachedandthen
there is a continuous decrease of Eb.
(iii) F
rom the comparison of the curves in Fig. 2 for a fixed
value of L, a reduction of Eb as a function of the ILF-
parameter can be noticed. Splitting the discussion into
two different regimes for the ILF the reason for such a
behavior is explained as follows: When a0 � L=2, the
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
augment of the ILF-parameter is associated with a
decrease of the effective width of the QW
[see Fig. 1(a–c)]. As a consequence, there is an augment
of the carrier localizationwithin the central region of the
heterostructure. But, in accordance with Eq. (11), when
there is a growth in the ILF-parameter, a separation of
both Coulomb centers with respect to the central region
of thestructure isgradually induced.Asaconsequence,a
higher localization of the carriers around z¼ 0 and their
further separation from the Coulomb centers are
responsible for the fall in Eb. It is clearly observed from
Fig. 1(c) that—in this regime of the ILF—the height of
thepotential barriers is partially reducedand that there is
a widening of the effective QW, with the consequent
drop inthestrengthof thecarrierconfinement. In thecase
of small well width—for instance, around L¼ 20 Å—
only a single maximum in the density of probability is
reached for both for electrons and holes in the region
around z¼ 0. The combination of this situation with the
fall of the confinement due to the diminishing height of
the potential barriers, as well as the growing separation
of theelectronandholeCoulombcenters is the reasonfor
which the binding energy is diminished. In the situation
of larger values of the L—say 200 Å—the potential
profile turns to a double QW configuration, induced by
the ILF.Theelectronandprobabilitydensitieshave their
maxima in the regions close to the Coulomb centers.
www.pss-b.com
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Therefore, there will be a reinforcement of the electro-
static interaction and, as a consequence, an increment in
the binding energy.However, this effect is compensated
and surpassed by the loss of carrier confinement [see
Fig. 1(d)] related to the barrier reduction. Thus, the
overall result is the decrease in Eb, as can be observed
when the curves for a0¼ 3L/4 and a0¼ L/2 in Fig. 2 are
compared.
Figure 4 (online color at: www.pss-b.com) Binding energy of
heavy-hole exciton in a GaAs-Ga0.7Al0.3As QW as a function of
the applied electric field with L¼ 200 Å and several values of the
ILF-parameter. For the sake of comparison, in the inset we present
results for a0¼ 0 (solid line) together with the calculations by
Nojima [43] in GaAs-Ga0.75Al0.25As single QWs with L¼ 200 Å
(full dots).
At this point it must be clarified that the quality of the
trial wavefunctions used in the present work is a restriction to
go beyond 3L/4 in the values of the ILF-parameter
considered. Larger values of a0 would require an improve-
ment in the choice of f(r), taken into account the loss of
spherical symmetry associated with the large separation
between the Coulomb centers.

The results obtained for the exciton binding energy of a
heavy-hole exciton in a GaAs-Ga0.7Al0.3As QW are shown
in Fig. 3, as a function of the ILF-parameter, for several
values of the quantum well-width and zero applied electric
field. They can be considered as a confirmation of what has
been discussed above. For a fixed value of the ILF-parameter
the binding energy is a decreasing function of the well width;
and for a fixedL the value of this quantity is decreased as long
as the ILF is higher.

Unlike the curves with L¼ 50 Å and L¼ 100 Å, in the
case of L¼ 150, 200 Å, it is noticed that close to the value
a0 ¼ 0:6� 3L=4 there is a fall in the rate of decrease in
the curves of Eb as a function of the laser parameter. This is
exactly the value of a0 for which—given the particular
dimensions of the heterostructure—the laser-induced tran-
sition from single isolated well to double isolated well has
taken place. The slight shift towards higher binding energy
0.0 0.2 0.4 0.6 0.8 1.0
3
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αααα 0 / (3L/4)
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re 3 (online color at: www.pss-b.com) Binding energy of
-hole exciton in a GaAs-Ga0.7Al0.3As QW as a function of
F-parameter, forseveralvaluesof thequantumwell-widthwith
.
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values is due to the strengthening of the electrostatic
interaction coming from the appearance of maxima in the
electron and hole densities of probability close to the
Coulomb centers. The effects on theEb of the application of a
dc electric field are shown in Fig. 4 for several values of the
ILF-parameter, and a fixed QW width of 200 Å. When no
laser field is present, the binding energy is a decreasing
function of the dc field intensity due to the reduction of the
Coulombic coupling associated with the enlargement of
the field-induced effective separation between electron and
hole. The situation in which the localization of the electron is
mostly within the region 0 < z < þL=2, and that of the hole
is mostly within the region �L=2 < z < 0 is widely known
as the spatially-indirect exciton. The decrease of the Eb for
F¼ 0 in Fig. 4 as a result of the growth in the ILF-parameter
is consistent with the discussion made above for Fig. 3.
However, as soon as the electric field is connected, there is a
change in this behavior (see for example the binding energy
at F¼ 30 kV/cm: an augment in the binding energy with the
ILF-parameter is first observed and then a reduction in this
quantity, is detected as can be concluded from the
comparison of the different curves). As it is observed from
Fig. 4 for a0¼ 50 Å, there is now a slower fall of the binding
energy, and a slightly steeper decrease when a0¼ 150 Å. But
there is also a rather surprising slight increase of Eb as a
function of F when a0¼ 100 Å. A closer look is needed in
this case.

The carrier confinement is affected by the asymmetry
introduced as a consequence of the inclination of the
potential barriers due to the dc applied field. In the case of
the electron the barrier is lowered at z¼þL/2 and for the
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5 (online color at: www.pss-b.com)Confinement potential
and z-dependent amplitude of probability for the first electron (left
panel) and hole (right panel) confined states in aGaAs-Ga0.7Al0.3As
QW.The results are forL¼ 50 Åanda0¼ 37.5 Å, and several values
of the applied electric field have been considered: F¼ 0 (a),
F¼ 15 kV/cm (b), F¼ 30 kV/cm (c), and F¼ 45 kV/cm (d).
hole, it is lowered at z¼� L/2, as can be seen in Fig. 1(e).
This is reflected in a decrease of the carrier localization, and
in the fall of Eb. For a fixed value of the laser parameter it is
clear that there are two induced Coulomb centers and that the
maximum in the density or probability is shifted by the dc
field towards theCoulomb center close to z¼a0 (z¼�a0) in
the case of the electron (hole). The fact that the two particles
are displaced to the proximity of different Coulomb centers
is additionally responsible for the fall in the exciton binding
energy. Finally, the two effects—the diminishing in the
effective potential barrier responsible for the carrier
confinement, and the shifting of the densities of probability
of the two carriers with respect to the two Coulomb
centers—are additive and the value of the binding energy
is brought down by the effect of the applied electric field.

With the intention to compare with previous works, in
the inset of Fig. 4we present our results fora0¼ 0 (solid line)
together with the calculation of Nojima [43] in single GaAs-
Ga0.75Al0.25As QWs with L¼ 200 Å (full dots) under the
effects of electric fields. It is possible to see that we are
reproducing the same behavior reported by Nojima [43].
The difference observed for electric fields larger than
20 kV/cm can be attributed to the spherical character of
the hole effective masses adopted in our model. A more
exact calculation should take into account the anisotropy
of the heavy-hole effective mass along the parallel and
perpendicular directions to the growth direction of the
heterostructure.

From the Fig. 4 it is seen that the separation between two
distinct regimes of monotonicity of the binding energy is
marked at the value F¼ 12 kV/cm. When F� 12 kV/cm, the
binding energy is always a decreasing function of the ILF-
parameter,whereas forF> 12 kV/cm the binding energy is an
increasing function of the ILF-parameter. A maximum in Eb

is reached for specific values of the ILF-parameter depending
on the electric field strength. The reason of this behavior is
found in the fact that the hole is muchmore sensitive to the dc
field effects than the electron, as can be seen from Fig. 5.
There, the densities of probability for electrons and holes are
shown for different intensities of the dc field for a fixed QW
width and a fixed value of the ILF-parameter.

The particular situation of a0¼ 100 Å with the slight
increase of the exciton binding energy is due to the following
reason: there are two Coulomb centers exactly located at
�L/2.When the electric field is applied, the hole is displaced
towards the Coulomb center at �L/2 whilst the position of
the electron is kept approximately localized around the
middle region of the heterostructure. As a result of this space
configuration of the states, the electrostatic interaction of
one the particles (the hole) is reinforced. Surely, for high
values of the dc electric field—not shown here—there must
be a displacement of the electron, approaching the barrier at
z¼þL/2. Therefore, also for L¼ 100 Å and in the range of
high applied electric fields, Eb must be a decreasing function
of the applied dc field.

In the Fig. 6 there are depicted the results for the binding
energy of heavy-hole exciton in a GaAs-Ga0.7Al0.3As QW as
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
a function of the applied electric field for several values of the
quantum well-width (L) with a0 ¼ 3L=4. As it has been
already said during the discussionof theFig. 3 forF¼ 0, in the
cases of L¼ 50, 100 Å, the system is essentially an isolated
QW. Whereas, for L¼ 150, 200 Å, two maxima in the
densities of probability for electrons and holes are detected.
This is an indication of a two coupled QW structure. The
appearance of a central barrier, due to the laser effect can be
seen from Fig. 5. In correspondence, two strongly coupled
structures in the density of probability are observed. Because
of this coupling the behavior of the system for small dc field is
that of a single QW, despite the presence of the barrier at the
center. In other words, both structures are part of—
essentially—one single slightly perturbed central maximum
(around z¼ 0) of the probability density.

From the different curves in Fig. 6 it is observed that:
(i) If a particular value of the electric field is fixed, the
binding energy is a decreasing function of the well width, in
coincidence with the results presented in Fig. 2. (ii) For a
fixed value of the well width, a reduction in the exciton
binding energy as a consequence of the augment of the F is
www.pss-b.com
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Figure 7 (online color at: www.pss-b.com) Binding energy of
heavy-hole exciton (a), PL-peak energy transition (b), and normal-
ized overlap integral (c) in aGaAs-Ga0.7Al0.3AsQWas a functionof
the ILF-parameter for several values of the applied electric field and
for L¼ 100 Å. The inset in each figure corresponds to the results for
the low regime of the ILF-parameter. Lines 1–5 correspond, respec-
tively, to F¼ 0, 10, 20, 30, and 40 kV/cm.
obtained. Such a decrease is associated with the loss of
confinement of the carriers in the QW regions due to the
field-induced asymmetry of the potential profile.

The spatially indirect excitons are related to the
polarization of the electron-hole system induced by the
electric field. For zero field, the configuration of a spatially
direct exciton is obtained [see the case of L¼ 200 Å,
Fig. 1(d)], with both carriers confined in the laser-induced
separated wells. The displacement of both carriers towards
opposite well regions is accomplished even for small
values—say F¼ 1 kV/cm—of a finite dc electric field.
Then, the spatially indirect exciton configuration is
achieved, with an appreciable fall in the binding energy.
For larger dc fields, the wavefunctions of electrons and holes
are even more displaced away. Therefore there will be a
further decrease of the binding energy with the applied field.

For the geometries corresponding to L¼ 50, 100 Å,
there are significant variations of EbðFÞ which can be
related with the presence of sudden jumps in the distance
between electron and hole. In the case of L¼ 50 Å, if
0<F< 27 kV/cm both carriers are confined in the QW
region. For F> 27 kV/cm, the hole has been thrown towards
the infinite potential barrier at the left (z ¼ �L1=2), while
the position of the electron is kept within the well region. For
dc fields above 40 kV/cm, the electron is now pushed close to
the infinite barrier at the right hand side (z ¼ þL1=2). The
consequence of an increase beyond this limit value of
the field is that the heavy-hole exciton binding energy will be
basically a constant because the charge carriers are separated
at a distance of L1. There is only one steep fall of Eb in the
case of L¼ 100 Å. In the range ofF> 40 kV/cm, the electron
is confined within the well region and the hole is thrown
towards the barrier in L ¼ �L1=2. These drops in Eb are
www.pss-b.com
clearly the result of considering the electric field applied not
only on the well region but also on the potential barriers.

The calculations of the binding energy of heavy-hole
excitons in a GaAs-Ga0.7Al0.3As QW are presented in Fig. 7,
as a function of the ILF-parameter, for several values of the
applied electric field and for L¼ 100 Å (a). Also, the
variations with a0 of the exciton-related photoluminescence
(PL) peak transition (b), and the normalized overlap integral
are depicted with the same set of values for the parameter F.
From the Fig. 7(a) is seen that the binding energy is a
decreasing function of the ILF-parameter, as has been
already discussed. Because the main interest in this work is
the laser-induced transition from single to double QW
configuration, the results for the low ILF regime are shown in
the insets in the figures. From the inset in figure (a) it is
observed that the effects of the electric field are practically
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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imperceptible for a0¼ 30 Å. The effective QW width is
changed from 100 Å at a0¼ 0 to ð100�2� 30ÞA	 when
a0¼ 30 Å. Given the strong localization of the carriers
within the central region of the heterostructure, the electron–
hole system is hardly polarized by the electric field. As a
result of this Eb is almost constant. It is observed that there is
almost the same value for all the Eb curves when a0¼ 30 Å.
Starting at a0¼ 50 Å, the effective potential barrier height is
decreased due to themaximum at z¼ 0. This should be added
to the fact that the effective width of the heterostructure is
now equals to Lþ 2a0. Thus, there is a wider space for the
system to be polarized by the dc field, and the binding energy
is more sensitive to the field.

The effects of the ILF over the exciton-related PL-peak
energy (¼ E0e þ E0h�Eb) are found in the Fig. 7(b). The
reference for the PL-peak has been chosen to be the value of
the GaAs zone center energy gap (1519meV). It is readily
noticed that the PL-peak is an increasing function of the ILF-
parameter. When a0 < L=2, the growth of this parameter is
responsible of the decrease of the QW effective width, and
there is an increase if the carrier confinement with the
consequent augment in E0e and in E0h. This is reflected in the
increment of the PL-peak. The same effect of localization
can be also noticed in the growing form reported for the
overlap integral in the Fig. 7(c).

The further increase in a0 above L/2 is relatedwith larger
values of theQWeffectivewidth. Beyond a certain point, the
energies of the electron and hole – referred to the QW
bottom—are kept almost constant. But, when a0> L/2 there
is a shift of the well bottom towards higher values of energy
due to the maximum at z¼ 0 of the confinement potential.
This fact is finally reflected in the augment of the PL-peak.
The growth of a0 is related with a reduction of the negative
contribution of Eb to the PL-peak, and that is also why this
quantity is increased. In the a0> L/2 regime, a higher
polarization of the system is associated with the augment of
the effective width of the QW, with the consequent increase
in the polarization of the charge carriers. This is clearly
observed in the decreasing form of the overlap integral as a
result of the applied dc field. At zero field, the overlap
integral is always an increasing function of the ILF-
parameter because —for instance, for a0> L/2—the carrier
localization is favored in the case of two coupled QWs. The
blueshift observed in our work is in agreement with an
analogous behavior in the energy of the resonant peak for
interband absorption in square and semiparabolic near-
surface QWs under intense laser field reported by Niculescu
and Eseanu [34, 35].

The tendency of the PL-peak to diminish as a result of the
augment in the applied dc field is due to the carrier loss of
confinement given the asymmetry induced in the confining
potential. The decreasing behavior of the overlap integral
with the electric field is a consequence of the dc-field-
induced carrier polarization in the heterostructure. This is
closely related with the field-induced spatially indirect
excitons in the system.
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4 Conclusions The properties of heavy-hole excitons
in GaAs-based quantum wells under intense laser and
applied dc electric fields are studied for a set of different
values of the fields intensities and the well spatial
dimensions. Special attention is paid to the laser-field-
induced transition from single to double quantum well
confining regime. For a fixed geometry of the unperturbed
system, the exciton binding energy is a decreasing function
of the intense laser field parameter and of the dc electric field.
The same behavior is observed in the case of the overlap
integral. However, the energy of the exciton-related photo-
luminescence peak is an increasing function of the laser field
intensity but it is also a decreasing function of the applied dc
field strength. It is shown that the changes of the degree of
carrier confinement and of the carrier polarization associated
to the influence of the laser and the dc fields are the main
responsible for the exciton properties mentioned. Up to the
authors knowledge, there are no previous reports on exciton
properties in double QW induced by intense laser fields.
Thus, the results of the present workmight be considered as a
first approximation to the subject in this kind of systems.

Acknowledgements This research was partially supported
by Colombian Agencies: COLCIENCIAS, CODI-Universidad de
Antioquia (Estrategia de Sostenibilidad Grupo de Materia
Condensada-UdeA, 2009–2010, 2010–2011), Facultad de
Ciencias Exactas y Naturales-Universidad de Antioquia (CAD-
exclusive dedication project 2011–2012), and ‘‘El Patrimonio
Autónomo Fondo Nacional de Financiamiento para la Ciencia,
la Tecnologı́a y la Innovación Francisco José de Caldas’’ Contract
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[14] H. S. Brandi, A. Latgé, and L. E. Oliveira, Phys. Rev. B 70,
153303 (2004).

[15] E. C. Niculescu and L. M. Burileanu, J. Optoelectron Adv.
Mater. 9, 2713 (2007).
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