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Abstract. The effects of intense laser radiation on the exciton states in GaAs-Gai_,Al, As quantum dots
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 laser field modifies the Coulomb potential via the generation of two
interaction centers. The exciton binding energy behaves as a decreasing function of the laser field strength,
as well as of the size of the quantum dot. The normalized photoluminescence peak energy increases with
the laser field strength and behaves as a decreasing function of the dot’s dimensions for fixed laser field

intensity.

1 Introduction

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 [1]. On the other hand, 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 [2].

The realization of research activities on the interac-
tion of intense laser fields (ILF) with carriers in semi-
conductor nanostructures was stimulated by the devel-
opment of high-power tunable laser sources, such as free
electron lasers [3]. Within this context, several interesting
physical phenomena have been revealed. We can mention,
for instance, the presence of changes in the electron den-
sity of states in quantum wells (QWs) and quantum well
wires (QWWs) [4-6], the measurement of zero-resistance
states in two-dimensional electron gases under microwave
radiation [7], terahertz resonant absorption in QWs [8],
and Floquet-Bloch states in single-walled carbon nan-
otubes [9], among others.

The influence of an intense high-frequency laser field
on different physical properties of bulk semiconductors
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has received some discussion and analysis in the litera-
ture [10-13]. 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. [14,15] to treat the influence of the laser
field upon a semiconductor system. The interaction with
the laser enters in the calculation via the renormaliza-
tion 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 bind-
ing and transition energies was developed by Niculescu
et al. to investigate the ground and some excited states
of an on-center hydrogenic donor in a cylindrical GaAs
QWW [16]. As an outcome, the effect of the laser field
reveals to be more pronounced for s-like states, whereas
for 2p-like states the binding energy is weakly dependent
on the laser dressing parameter. Within the same scheme,
one also finds the report on the laser-dressing effects on the
electron g-factor in GaAs-Gaj_,Al,As QWs and QWWs
under applied magnetic fields [17]. The possibility of ma-
nipulating and tuning the conduction-electron g-factor in
heterostructures by changing the detuning and laser field
intensity was discussed in that work.

Furthermore, the ILF effects on the density of impu-
rity states of shallow donors in a square, V-shaped, and
inverse V-shaped QWs have been studied by Niculescu
et al. [18,19]. It was concluded that a proper consideration
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of the density of impurity states may be relevant in the
interpretation 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 polariz-
ability 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 [20].

It is also possible to mention some very recent stud-
ies regarding the ILF effects on the optical properties of
semiconducting nanostructures. In this sense, there is a
report concerning the THz laser field effects on the os-
cillator strength and the linear and nonlinear refractive
index changes in cylindrical QWWs [21]. Besides, an inves-
tigation on the anisotropic optical absorption in QWWs,
induced by high-frequency laser fields has been also put
forward [22].

The appearance of an unexpected transition from sin-
gle to double QW potential induced by ILF was revealed in
a theoretical study from Lima et al. [23]. Using the laser-
dressed potential model in single QWs, the authors have
found the formation of a double-well potential structure
in the regime ag > L/2, where L is the QW width and
«p is the laser-dressing parameter. 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 other heterostructures such as QWWs and QDs with
several configurations of the quantum confinement, stoi-
chiometry of the well and barrier regions, geometries of
the systems, and external perturbations like applied elec-
tric and magnetic fields and hydrostatic pressure [24-27].

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 heterostruc-
tures under ILF is, arguably, an area of current interest.
Accordingly, the present work is concerned with the the-
oretical study of the effects of ILF on the exciton states
in single QDs. The research is extended to include the ad-
ditional 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 inves-
tigation 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

We are concerned here with the effects of ILF on the bind-
ing energy of a heavy-hole exciton in a GaAs-Gaj_, Al As
QD of cylindrical shape, grown along the z-axis and
in the presence of applied electric field. The calcula-
tion assumes the envelope-function and parabolic-band
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approximations. The choice for the electric field orienta-
tion is F' = (0,0, —F).

In order to provide a simpler description of the
main equations in the theoretical approach, we use ef-
fective units. That is, we express energies in effective

Rydberg (RO = ks ;) and lengths in effective Bohr ra-
0

(a* _ hz €0
0 — y,ez
Le Goff and Stébé, the Hamiltonian for the exciton states
in a cylindrical GaAs-Gaj;_,Al,As QD under in-growth

direction applied electric field is given by [28]:
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stands for electrons and holes, respectively. In addition,

*

m} (m};) labels electron (hole) effective mass, while p is
the electron-hole reduced mass, e is the electron charge,
o is the GaAs static dielectric constant, and V. (pe, z¢)
[Vi(pn, z1)] is the QD confinement potential for the elec-
tron (hole) carrier.

Our model considers the dimensions of the cylindrical
QD to be labeled as: radius, R, and height, L. For the
confinement potential of the carriers we have taken into
account infinite and finite confinement potentials in the p-
and z-directions, respectively (see Figs. 1c and 1d). Within
such an approximation it is valid to perform the separa-
tion Vi(ps, 2:) = V{(pi) + Vi?(2:). Here VP (p;) = 0 for
pi < R and V(p;) — oo for p; > R. In the case of the z-
dependent confinement we have V;*(z;) = 0 for |z;| < L/2
and Vi (z;) = Vg for |z;| > L/2. For electrons (holes)
the height of axial confinement potential Vi (V) follows
from the offset rule that sets 60% (40%) of the band gap
between the well (GaAs) and barrier (Ga;_,Al;As) ma-
terials.

In order to include the non-resonant ILF effects
(the polarization of the laser radiation is parallel
to the z-direction), the so-called Floquet method is
adopted [29,30]. According to this formalism, the single
particle z;-dependent confinement potentials must be re-
placed by Vi*(z;) — (V#)(z;, a;) as follows:

%

v
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where

ag; = (e Ag)/(m] cw)
= (I'?Jw®)(e/m})(87/c)'/?, (3)
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Fig. 1. (Color online) Pictorial view of the cylindrical quan-
tum dot considered in the present work. Graphs (a) and (b)
show, respectively, the zy and xz projections, defining the di-
mensions of the heterostructure, the directions of the applied
electric field, and the electron and hole positions. Schematic
representations of the radial (p) and axial (z) confinement po-
tentials are depicted in (c) and (d), respectively. In (d) the
confinement potential corresponds particularly to the electron
one with age = L.

is the laser-dressing parameter (from now on ILF-
parameter) [31]. In equation (3), I and w are, respectively,
the average intensity and the frequency of the laser, c is
the velocity of the light, and A( is the amplitude of the
vector potential associated with the incident radiation.

Under the laser effects the last term of equation (1) —
the one-center electron-hole Coulomb interaction — must
be replaced by a two-center Coulomb interaction as

1
[P+ (zen — a0)?]1/2
- ! (4)

0%+ (zen + 00)?]V/2”

Mc(ze, zn, 0) = —

where zep, = 2. — 2z, and g = (e Ag)/(pcw). Extended
details about dressed potential in equations (2) and (4)
and the nonperturbative theory developed to describe the
atomic behavior in intense high frequency laser field can
be found in references [22,23,32-35].

In the laser regime in which ag; > L/2 it clearly ex-
ists a spatial region along the z direction where the con-
tributions coming from the two terms at the right hand
side of equation (2) superpose. This means that the in-
fluence of the laser field produces an interaction between
the two potential barriers locates at +L/2. As a result,
a well pronounced maximum of the potential appears in
the vicinity of z = 0 which, in our study, corresponds
to a potential barrier that uncouples a pair of symmet-
ric dots. This fact gives rise to the double quantum well
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system (see. Fig. 1d). In addition, due to the presence of
the two inverse cosine functions in equation (2) — shifted in
+L/2—-, it comes out that the potential barriers show a de-
creasing/increasing value when the argument goes from/to
—L/2— ag;/+L/2+ ap; which reflects in an increment of
the effective quantum well width from L to L + 2 ay,; (see
Fig. 1d).

The exciton wave function, and the corresponding en-
ergy (F), can be calculated via a Rayleigh-Ritz variational
procedure. For the trial wave function, ¥, we take [28]

- o —ap—PB(ze—zp)?
W(’f'e,’l"h) = NT(peaphazeazh)e p=B(ze=2n) 3 (5)

where N is the normalization constant, « and /3
are variational parameters, and 71 (pe,ph,2e,2n) =
F(pe) F(pn)g(ze) g(zn) is the eigenfunction of the
Hamiltonian in equation (1) without the Coulomb term
at the right hand side. The noncorrelated radial wave-
functions for single particles are given by

F(pi) = Jo(0o pi/ R), (6)

where Jy is the Bessel function of zero order and 6y =
2.4048 is its first zero.

The way of obtaining the noncorrelated axial wave-
functions for single particles relies in a method devel-
oped by Xia and Fan [36], which was posteriorly used in
the calculation of optical absorption in superlattices un-
der magnetic fields by de Dios Leyva and Galindo [37].
Such an approach is based on the expansion of the elec-
tron (hole) states over a complete orthogonal basis of
sine functions associated with a QW of infinite poten-
tial barriers which width in this work is taken to be
Ly = 50 nm. Consequently, the z;-dependent eigenfunc-
tions of the Hamiltonian in equation (1) without the
Coulomb potential term are written as

2 2 X . nmTzZ; NT
g(z) = (L ) ZCn sm( I + 5 ) . (M
o0 n=1 o0

Of course, the number of terms included in the calcula-
tion cannot be infinite. The convergence of equation (7),
for the specific height of the QD considered, is ensured
until 1073 meV with the incorporation of 200 terms in the
expansion of the ¢(z;) wavefunctions.

The trial wavefunction in equation (5) takes into
account the anisotropy of the dot via the two variational
parameters. This may be important if one is dealing with
different R and L values. It is clear that this trial wave
function can not reproduce the proper hydrogen-like 3D
exciton wavefunction. Nevertheless, this function is ex-
pected to be a fair approximation in both the strong con-
finement regime as well as in the two-dimensional limit.

The energy of the exciton, F, is obtained after mini-
mizing the Hamiltonian with the trial wave function. The
exciton binding energy (Ej) is obtained from the definition

Eb:EO_E7 (8)

where Ej is the eigenvalue associated to T (pe, ph, Ze, 21)-
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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-Gag g7Alg.33As isolated QD, as a pro-
totypical system. The confining potential barrier config-
uration chosen for electrons (holes) along the z-direction
is obtained from V7 = 0.6 (1155x + 370 2%) meV, (V7 =
0.4 (11552 + 370 %) meV), where z is the aluminum mo-
lar fraction in the barrier material. The remaining set of
parameters included in the calculations are: ¢y = 12.65,
m; = 0.067mg, and m; = 0.34mg (where mg is the
free electron mass). With this set of parameters, and
taking into account that the results presented below are
all given in terms of aq, the following relations fulfill:

g‘o’: = :Z: x5, ape & 2@0, and agp ~ éao.

It is well known that the classical envelope function
approach and effective mass approximation do not work
well when the confining potential energy does not change
slowly enough [38-40], although there are more recent
versions of the model that justify their use even for the
abrupt interfaces case [41-43]. In the present work our
main assumption is that the confining potential energy is
a slowly varying function on the atomic length scale and
for this reason in our calculation we avoid to consider too
small dimensions of the heterostructure. Consequently, in
our calculations the minimum value of both the radius
and height of the cylindrical dot we have considered is
3 nm. These values of dimensions of the heterostructure
are larger than 5 times the typical lattice constant in the
GaAs compounds.

In Figure 2 we present the binding energy of a heavy-
hole exciton in the system under study, as a function of the
ILF-parameter, for several values of the height of the dot
(a) and several values of the applied electric field (b). We
observe that the binding energy is a decreasing function
of the ILF-parameter. Such a behavior becomes more no-
ticeable for ap. = *, ap < L/2. Starting from that value

of agp, the curve rep;esenting the binding energy exhibits
a smoother character (notice that near ap. = L/2 the
curves shown have an inflexion point). In the first regime,
the binding energy decreases despite of the reduction in
the effective quantum well width, both for electrons and
holes (notice that in the regime of ap;, < L/2, the effec-
tive width of the quantum well is L — 2ayg;). This, in first
instance would lead to an increase in the exciton bind-
ing energy. However, the reason of the decrease lies in the
fact that the two laser-induced Coulomb line centers are
moving away of the region in which the carrier density of
probability is a maximum, z. = z, = 0 (see Eq. (4) and
the lines I and II depicted in Fig. 2c).

When ap. > L/2, the binding energy keeps its decreas-
ing variation. Now, this is a result of the increase of the ef-
fective well width (it grows as L 4+ 2 a,) for the electrons;
together with the reduction in the confining potential bar-
rier height since the potential well bottom shifts upwards
in energy. This effect is not significant in the case of holes
because the variations induced on the width of the poten-
tial well that confine them are modulated by a factor of
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Fig. 2. (Color online) Binding energy of heavy-hole exciton in
a GaAs-Gag.¢7Alp.33As QD as a function of the ILF-parameter,
for several values of the height of the dot (a) and several values
of the applied electric field (b). In (a) the results are for R =
10 nm with F = 0 whereas in (b) are for R = 10 nm with
L = 10 nm. The inset in (b) shows the shift in the binding
energy (AE(F) = Ey(F)— Ep(F = 0)). The exciton amplitude
of probability in the plane z. — zp for p = 0, R = 10 nm, and
L = 10 nm is also shown under the following conditions: F' = 0
with ap = 0 (c); F = 0 with a9 = 10 nm (d); F = 40 kV/cm
with ap = 0 (e); F' = 40 kV/cm with ap = 10 nm (f). In (c) the
line I corresponds to the line of Coulomb centers localized along
the condition z. — 2z — ap = 0 whereas the line II corresponds
to the condition z. — zn + ag = 0.

me/mp,. The maximum value of the ILF-parameter con-
sidered in this work is ag = 10nm. It is equivalent to
age = 8.3nm and agp, = 1.7nm. This means that under
no circumstance we can observe in this work changes in
the height of the hole-confining potential barrier.

The explanation for the not so steeped decrease of the
heavy-hole exciton binding energy when ag. > L/2, com-
pared with the above discussed situation is the following.
In that case, there will be a modification in the potential
profile configuration, associated with the larger value of
the ILF-parameter. This change appears in the form of a
double quantum well in the z.-direction (see Fig. 2d). This
makes that the positions of the two maxima of the elec-
tron density of probability are now close to the Coulombic
center lines I and II. That is, the double quantum well
configuration induces a spatially indirect exciton system,
which favors the enhancement of the Coulomb interaction.
Nonetheless, the dominant effect continues to be that of
the geometric confinement and, therefore, the binding en-
ergy definitively decreases.

By comparing the different curves in Figure 2a one
may observe that there is an increase of the binding en-
ergy as long as the quantum dot’s height diminishes. In
the situation when ag. < L/2, this energy becomes larger
when form smaller L given the associated rise in the degree
of carrier localization around 7z, = z;, = 0. This has the
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consequence of the enhancement of the electron and hole
wavefunction overlapping, thus causing the strengthening
of the Coulombic interaction (there will be a reduction
in the expected value of the axial electron-hole distance).
On the other hand, in the regime in which ag. > L/2,
Ey also augments. In this case of indirect excitonic con-
figuration, the decrease in the dot’s height makes the two
maxima of the electron density of probability to be dis-
placed towards the region around z, = 0. It is precisely
there where the maximum of the hole density of prob-
ability locates (zp = 0). This reflects in the increase of
the wavefunctions overlap and, consequently, the carriers
correlation. However, it can be seen that, when «g,. is of
the order of L/2, the binding energy is essentially indepen-
dent of the dot’s height. The reason for this lies in the fact
that, in such a limit, the wavefunction is mostly confined
within a quasi-delta-like potential well, with only very few
information about the height of the QD.

It is possible to observe a mixed behavior of the exci-
ton binding energy when there is an applied electric field
(see Fig. 2b). If age < L/2, Ejp decreases as a result of
the field-induced polarization of the electron-hole system.
This makes the effective distance between the two carri-
ers to become larger. Thus, the strength of the Coulombic
interaction diminishes, with the consequent reduction in
the magnitude of the binding energy. In the situation when
ape > L/2 —in which we detect the presence of an indirect
exciton, given the ILF-induced double well configuration
for electrons — the presence of an electric field favors the
shift of the electron wavefunction towards z, > 0. In ad-
dition, the electron becomes confined within a narrower
spatial region, augmenting its degree of localization.

Well then, the electron will now pass from having two
maxima of its density of probability to a single one. In
other words, there will be an enhancement of the Coulom-
bic interaction with the hole and, therefore, the heavy ex-
citon binding energy increases. An additional argument in
favor of the increment of Ej in this situation can be pro-
vided by observing Figure 2f. Notice that the electric field
positively contributes to the shift of the probability den-
sity maximum towards the Coulomb center line labeled as
I'in the figure. This, in other words, implies an increase of
both the Coulombic interaction and exciton binding en-
ergy. The inset in Figure 2b shows that the three curves
essentially have the same binding energy at ap ~ 4 nm.
This corresponds, approximately, to the transition from
direct to indirect exciton regimes, for the particular ge-
ometry chosen in Figure 2b.

In Figure 3 there are depicted our results for the bind-
ing energy of heavy-hole exciton in a GaAs-Gag g7 Alg.33As
QD as a function of the radius of the dot (a) and of
the height of the dot (b) for several values of the ILF-
parameter. One can observe from Figure 3a that the exci-
ton binding energy monotonically decreases as long as the
dot’s radius augments. This is due to the loss of confine-
ment over the radial part of the carrier wavefunctions.
It is clear that, for large enough values of the radius,
our results will converge exactly to those corresponding
to a finite barrier quantum well. Notice that the greater
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Fig. 3. (Color online) Binding energy of heavy-hole exciton
in a GaAs-Gao.e7Alp.ssAs QD as a function of the radius of
the dot (a) and of the height of the dot (b) for several values
of the ILF-parameter. The results are for zero applied electric
field with L = 10 nm (a) and R = 10 nm (b). In (¢), (d),
(e) are shown the z-dependent confinement potential and the
amplitude of probability for the ground state both for electrons
(e) and holes (h) considering for the geometry of the structure
those denoted by open dots in (b).

effects come from the variation of the dot’s radius are
those appearing in the situation in which ay = 0 for the
value L = 10nm. In this case, the exciton wavefunction
is strongly confined in the axial direction. In the cases of
ap = 5nm and ag = 10nm, the effective height of the
QD is of the order of 20 nm and 30 nm, respectively. This
means that such size is two or three times larger than the
effective Bohr radius in the GaAs. Therefore, the system
will have a very low degree of axial confinement, which
explains the quasi-parallel variation of the corresponding
binding energy curves. It is worth mentioning that our
curve for ag = 0 is in perfect agreement with results pre-
viously reported in GaAs-based cylindrical QDs [28].

From Figure 3b one observes that for ag = 0 the value
of the binding energy grows, until reaching a maximum,
as long as the QD height diminishes. With the reduction
in the dot’s height, the electron wavefunction tends to
localize near z, = z, = 0. Then, the expected value of the
electron-hole distance becomes smaller and the Coulombic
interaction strengthens, with the consequent increase of
Ey. It comes a time when the height of the dot reaches a
value small enough to allow — together with the effect of
the finite confining barriers — the electron wavefunction to
spread into the barrier regions.

Let us discuss now what happens in the cases repre-
sented by the curves with g = 5nm and ag = 10 nm. Par-
ticularly, we are going to analyze the curve of ay = 5nm,
in which three points have been marked. They correspond
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to the confining potentials and electron and hole densi-
ties of probability shown in Figures 3c—3e. Going from
L = 15nm to L = 5nm, it can be observed that there is
an increase in the hole localization in the region around
ze = 25, = 0, with the appearance of a configuration with
two coupled quantum dots in the case of the electrons. The
effective width of the structure, for electrons, decreases as
well. This could lead us to expect that the higher degree
of localization in their wavefunctions, will lead to larger
values of the binding energy.

But, indeed, given the creation of an indirect exciton,
there is, in this case, an effective increase of the electron-
hole distance, with the associated reduction in Fj. The
sum of these two opposite effects will result in the almost
constant behavior observed in the curve, when the dot’s
height goes from L = 15nm to L = 5nm.

Now, by going further down in the value of the QD
height, when we get to L = 3nm it is seen that the ef-
fect of the ILF entails a strong delocalization of the elec-
tron. This makes that its energy practically equals that
of the potential well height. Under such a condition, the
axial distance between the two kinds of carriers substan-
tially increases, and the Coulombic interaction between
them is strongly reduced. The consequence of this is the
fall in the exciton binding energy that can be noticed in
the curve discussed. In the case of a laser-field parame-
ter ap = 10nm, the behavior of the binding energy curve
is explained in terms of the same arguments used above
when discussing the oy = 5 nm one. By extending the
calculations beyond L = 20 nm, the curve for oy = 10 nm
acquires the same character shown by the curve that cor-
responds to ag = 5nm.

We present in Figure 4 our results for the shift in the
binding energy (AE(F) = Ey(F)— Ep(F = 0)) of a heavy-
hole exciton in a GaAs-Gag g7Aly.33As QD as a function
of the applied electric field for several values of the ILF-
parameter. As it is known, this quantity is related with the
energy position of the exciton-related photoluminescence
peak (the so-called PLpeak). By analyzing the graphics in
the figure, and in accordance with the results shown in
Figure 2a, one may observe the following features:

1. When a9 = 0 the binding energy decreases as long
as the strength of the applied field augments, due
to polarization that it induces over the electron-hole
pair. This decreasing behavior of Ej contributes to the
blueshift in the energy of the exciton-related photolu-
minescence peak.

2. For g = 5nm the binding energy is essentially con-
stant. This situation corresponds to the crossing of the
curves in Figure 2b; which is due to the transition be-
tween the direct and indirect exciton regimes. Then,
the shift line is almost constant.

3. If ap = 10nm, the binding energy augments despite
that there is now a configuration of coupled double
quantum dot. This happens because the electric field
favors that it will only appear a single maximum in
the density of probability of the exciton, which locates
within the region z. > 0, near the line of Coulomb
centers parameterized by the condition z, —zp—ag = 0,
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Fig. 4. (Color online) (a) Shift in the binding energy
(AE(F) = Ey(F) — Eu(F = 0)) of heavy-hole exciton in a
GaAs-Gag.¢7Alp.33As QD as a function of the applied electric
field for several values of the ILF-parameter. The results are
for L = 10 nm with R = 10 nm. In (b), (c¢), (d) are shown the
z-dependent confinement potential and the amplitude of prob-
ability for the ground state both for electrons (e) and holes (h)
for the same dimensions of the dot as in (a) but for ap = 10 nm.
Three values of the applied electric field have been considered:
zero (b), F =20 kV/cm (c), and F =40 kV/cm (d).

as can be seen from the Figures 4c and 4d and in Fig-
ure 2f. In this case, the effect of the electric field trans-
lates into the favoring of the electrostatic interaction
through a single line of Coulomb centers localized in
the region z. > 0, with all the electronic density of
probability concentrated around it. In the case of the
line of Coulomb centers located in the region z, < 0
(ze—zn+ap = 0), the wavefunctions of the electron and
the hole are practically null and, consequently, such a
line of charged centers does not participate in the elec-
trostatic interaction. This increasing behavior of the
binding energy leads now to the redshift of the lumi-
nescence peak energy.

On the other hand, Figure 5 shows our results for
the expectation value of the in-plane (pe,) and ax-
ial (zep) electron-hole distance of heavy-hole exciton in
a GaAs-GaggrAlg33As QD as a function of the ILF-
parameter. One may clearly observe that the most signifi-
cant changes associated with the ILF-parameter are those
occurring in zep,.

In a structure with R = 10nm and average height of
L = 8nm, a change in the ILF-parameter that amounts
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Fig. 5. (Color online) Expectation value of the in-plane (left
hand panel) and axial (right hand panel) electron-hole distance
of heavy-hole exciton in a GaAs-Gag.¢7Alp.33As QD as a func-
tion of the ILF-parameter. In (a) and (b) the results are for
R =10 nm and F = 0, whereas in (c) and (d) the results are
for R =10 nm and L = 10 nm.

10 nm in value will imply an increase in pep, of only 0.4 nm,
approximately. Whereas, in the case of z., there will be
an increase which ranks between 4.5 nm and 7.3 nm. Its is
possible to observe from Figures 5a and 5c that as soon
as the ILF-parameter differs from zero, there will be a
growth in the value of p.p. The reason for this is that,
when ag < L/2, a nonzero value of the ILF-parameter
implies an axial compression of the wavefunction, leading
to a larger extension of it along the radial direction (notice
that this wavefunction is normalized to unity). Within the
same regime for ag, in Figures bb and 5d we can observe
that a growth in the value of the ILF-parameter leaves
almost without change the value of z.j. This can be un-
derstood in relation with several aspects: (1) the strong
localization of the hole wavefunction around z, = 0; (2)
the weak influence of the ILF-parameter on the width of
the potential that confines the holes in the system; and (3)
the effect of compensation generated by the increase in the
width of the quantum well for the electrons, which grows
as a function of the laser parameter in the form L + 2 age.
The quasi-constant behavior of z.; and the increasing one
of pen, in the ay < L/2 regime of the laser field, can be
clearly identified with the presence of spatially direct ex-
citons. This means that both electrons and holes localize
within the same spatial region. Notice that above the limit
ap = L/2 the value of pej, is practically constant and, in-
stead, zep is an increasing function of the ILF-parameter.
In keeping with the results shown in Figures 3b—3d, when
a9 > L/2 a double quantum well profile is induced in

Page 7 of 10
10 7.8 ®)
10 nm
L 5nm r
8 L 7.6
6 @, =0 I
[ 74
L i 5nm
4r 30
L o, =0
(@
2 1 1 | IR | 27 1 1 1 ]
- 3 6 9 12 15 - 3 6 9 12 15
E R (nm) E R (nm)
f N

L (nm)

L (nm)

Fig. 6. (Color online) Expectation value of the in-plane (left
hand panel) and axial (right hand panel) electron-hole distance
of heavy-hole exciton in a GaAs-Gag.¢7Alg.33As QD with zero
applied electric field and as a function of the radius of the dot
(a, b) and as a function of the height of the dot (c, d). In (a,
b) the results are for L = 10 nm whereas in and (c, d) are for
R =10 nm.

the case of the conduction band whilst the configuration
of single quantum well is kept in the case of the valence
band profile. This reflects in an increase of the axial dis-
tance between the carriers, (zep), which grows as long as
the central potential barrier that uncouples the two wells
for the electrons augments. A linear increase of z.p, or a
constant behavior in pep as a result of the increase in the
value of the ILF-parameter, clearly corresponds to the sit-
uation of spatially indirect excitons. The crossing of the
different curves in Figure 5b is explained by the depen-
dence of the value of g at which the direct-to-indirect
exciton transition takes place on the height of the QD.
Notice that as long as the value of L is becoming smaller,
the value of ap that corresponds to the direct-to-indirect
transition for the exciton simultaneously decreases. For
instance, when L = 10nm the transition occurs approx-
imately at oy = 6 nm; but if L = 6 nm this happens for
ap = 3 nm.

In Figure 6 we present our results for the expecta-
tion value of the in-plane and axial electron-hole distance
of heavy-hole exciton in a GaAs-Gag.¢7Aly.33As QD with
zero DC applied electric field and as a function of the ra-
dius of the dot (a, b) and as a function of the height of
the dot (¢, d), for several values of the ILF strength.

From Figure 6a it is seen that p.p is always an in-
creasing function of R, with only very slight modifica-
tions coming from the variations in the ILF-parameter.
This dependence is a clear indication that, up to the
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value R = 15nm, the excitonic wavefunction is — all the
time — under the influence of the in-plane confinement.
Nonetheless, it is a fact that, for large enough values of
the dot’s radius, there must be an asymptotic behavior
of the pep, curves, with different approaching limits that
depend on the quantum well width and the value of the
ILF-parameter used.

We can observe, in Figure 6b, the little influence that
an increase in the dot’s radius has over the axial expected
distance between the two carriers. A variation of 12nm
in R will result, only, in changes in the range of 0.3 nm-
0.5nm in z.,. Notice the asymptotic character acquired
by the curves of z.j for radii larger than ~15nm. For the
sake of comparison, the expected value of the electron-hole
distance in a hydrogen-like complex in bulk is of 1.5ag,
where af is the effective Bohr radius. In the GaAs, af =
11.9nm if it is defined using the reduced effective mass of
the electron-hole pair. Then, it becomes clear that, for R =
15nm, the size of the quantum dot is close to reach the
dimensions at which the exciton wavefunction starts losing
the information about the presence of confining potential
barriers.

In Figures 6¢ and 6d, one detects that a change of 7nm
in the height of the QD leads only to variations of 0.3 nm
in pep at the time that induces changes in z.;, that rank
between 2 and 7nm, depending on the value of the ILF-
parameter used. The systematically decreasing behavior
in zep, for ag = 0 as L decreases is explained by the fact
that the exciton wavefunction goes from being confined
in a QD of radius R and height equals to L, to confine
itself within a QD of radius R and height L.; with a
large part of the electronic wavefunction localized into the
barrier regions. The decreasing variation of the curves of
ap =5 nm and 10 nm in Figure 6d, for growing L, is due
to the localization of the wavefunction in the region of the
quantum well. The maximum observed in the curve for
ap = 10 nm appears exactly at the value of the well width
for which there occurs the transition between two maxima
to a single maximum in the hole amplitude of probability.

Figure 7 shows the normalized PLjcak energy transi-
tion of heavy-hole exciton in a GaAs-Gag grAlg.33As QD
as a function of the ILF-parameter, for several values of
the height of the dot and several values of the applied
electric field. As an additional information, the oscillator
strengths are also depicted in the insets.

The PLpeax is obtained by means of the expression
PLpecak = E§ + E} + E; — Ep; where E§ and E}} are,
respectively, the energies of the lowest confined states of
the electron and the hole. Besides, E, is the energy of
the gap in the GaAs. The term normalized PLpc.x means
that we are referring the PLycax with respect to the GaAs
energy gap. In other words, we are considering the quan-
tity PLpeak — Eg. All the curves show that the normalized
PLpcak is an growing function of the ILF-parameter. This
is basically associated with the increase of Ef because,
for the values of ag considered, the hole well width does
not exhibit substantial modifications. In each curve we are
able to detect to well-defined regimes. When oy < L/2
the curves are convex, and when «g 2 L/2 they become
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Fig. 7. (Color online) Normalized PLpecak energy transition of
heavy-hole exciton in a GaAs-Gag.e7Alp.33As QD as a function
of the ILF-parameter, for several values of the height of the
dot (a) and several values of the applied electric field (b). In
(a) the results are for R = 10 nm with F' = 0 whereas in (b)
are for R = 10 nm with L = 10 nm. The insets depict the
corresponding oscillator strength.

concave. In the first case, we explain the curvature by the
fact that the energy of the electron grows with respect to
the bottom of its confining potential well, and also be-
cause the rather abrupt decrease of the binding energy
(see Fig. 2). In the second case, we have the system in the
regime of spatially indirect excitons. Here, the increase in
the normalized PLjcax is a consequence of the shift of the
conduction band confining well bottom towards higher en-
ergies. In this situation, the variations of Ef§ with respect
to the bottom of its respective potential well are almost
imperceptible. Additionally, one should take into account
that, in this regime, the binding energy decreases; but this
happens at a lower rate if compared with the first regime
discussed (see again Fig. 2).

The oscillator strength, shown in the corresponding in-
sets, augments in all cases. That behavior is essentially due
to the decreasing character of the binding energy, which
is the second term in the denominator that appears in the
definition of this quantity.

Finally, in Figure 8 we are presenting the calculated
results for the normalized PLcax associated to heavy-hole
excitons in a GaAs-Gag g7 Alg.33As QD as a function of the
radius of the dot and of the height of the dot, for several
values of the ILF-parameter.
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Fig. 8. (Color online) Normalized PLycax of heavy-hole exciton
in a GaAs-Gag.g7Alp.33As QD as a function of the radius of the
dot (a) and of the height of the dot (b) for several values of
the ILF-parameter. The results are for zero applied electric
field with L = 10 nm (a) and R = 10 nm (b). The area of the
dots is proportional to the oscillator strength.

It can be noticed that, as a general trend, the normal-
ized PLpcak decreases as long as the size of the structure
augments. This is basically due to the diminishing in Ef
and Eéb, given the loss in carrier localization. In Figure 8b
we see that the normalized PLeax has a more complex
behavior if compared to that shown in Figure 8a. This
fact is mostly associated with the form exhibited by the
binding energy, as can be seen when comparing Figures 2a
and 2b.

4 Conclusions

In the article, the properties of heavy-hole excitons in
GaAs-Gaj_,Al,As quantum dots under intense laser and
applied dc electric fields are studied for a set of different
values of the fields intensities and the dot spatial dimen-
sions. Special attention is paid to the laser-field-induced
spatially direct-indirect exciton transition.

We have obtained that, as an overall behavior, the ex-
citon binding energy is a decreasing function of the laser
field strength, with and without the presence of an addi-
tional applied DC electric field. The reason behind this
feature is the reduction in the strength of the Coulombic
electron-hole interaction that associates mostly with the
growth in the expected electron-hole distance along the
quantum dot’s axial direction. In relation with this, the
decrease mentioned is more pronounced in the situation
of larger values if the dot’s height.

The shift in the exciton binding energy as a function
of the applied DC field is a decreasing function of the field
strength in the case of zero laser field. However, this quan-
tity turns out to exhibit an increasing variation when there
is an intense laser field applied. This fact is a direct con-
sequence of the spatially indirect regime of the exciton,
related with both the DC-field-induced carrier polariza-
tion as well as the laser-induced transition to a coupled
double quantum well potential profile in the conduction
band.

Following mainly the behavior of the binding en-
ergy, the reported exciton-related normalized photolumi-
nescence peak energy shows an increasing behavior as a
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function of the intense laser field strength, for a fixed ge-
ometry of the quantum dot. However, for a fixed value
of the intense laser field parameter, this quantity reveals
to have a decreasing dependence on both the dot’s height
and radius.

Our results reveal that for the system studied here the
influence of the electric field on the exciton binding en-
ergy is rather small (less than 2 meV). Previous reports
show that the effect of the I" — X crossover induced by
the application of hydrostatic pressure to the system, or
the presence of a magnetic field are more successful in at-
taining larger corrections to this quantity [44-46]. A study
on the combined influences of ILF, applied magnetic field,
and hydrostatic pressure on the properties of electrons and
excitons confined in cylindrical shaped QD with parabolic
lateral confinement potential is currently carried out and
will be published elsewhere.

Finally, it is important to comment that our work has
been based on the analysis of the ground state, only, either
for electrons or for holes. However, as the well width be-
comes larger and as the internal soft barrier increases, the
system will be eventually transformed from being a single
QD to that consisting of two separated QD [47]; during
this transition, the difference between the eigenenergies of
the ground state and the first excited state gradually de-
creases. Hence there certainly is a limit to the applicability
of the present method in the situation of wide QDs.
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