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Using the effective mass and parabolic band approximations, the binding energy of a shallow donor impurity is
calculated in a GaAs—(Ga,Al)As quantum well wire of rectangular transversal section, under the combined effects of
two independent axially-applied intense laser radiation fields and a static electric field oriented in the cross-section
plane. The lateral size of the rectangular cross-section is assumed to be larger than 10 nm, in such a way that the
uncorrelated electron motion along the x and y directions can be considered uncoupled. The impurity-related states
are calculated by means of a variational procedure using a three-dimensional hydrogen-like trial wave function.
The intense laser field effects are introduced via the combination of the Floquet method for the laser-modified
confinement potential shape and the inclusion of a two-interaction centers model for the Coulombic coupling. It is
shown that, according to the polarization of the incident radiation, the quantum well wire can evolve from a single
1D-heterostructure towards a configuration of two-well defined or four-well defined laser-induced parallel coupled
quantum well wires. The obtained results also show that the binding energy is strongly dependent on the impurity
position and on the strength of the intense laser field parameter.
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1. Introduction

The influence of an intense high-frequency laser field
on different physical properties of semiconductors has
received some discussion and analysis in the literature
[1, 2]. The dressed atom approach was extended by
Brandi et al. [3, 4] to treat the influence of the laser field
upon a semiconductor system. The intense laser field
(ILF) effects on the density of impurity states of shal-
low donors in a square, V-shaped, and inverse V-shaped
quantum wells (QWs) have been studied by Niculescu
et al. [5, 6]. 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 et al. to investigate the ground and some ex-
cited states of an on-center hydrogenic donor in a cylin-
drically shaped GaAs quantum well wire (QWW) [7]. Be-
sides, an investigation on the anisotropic optical absorp-
tion in QWWs, induced by high-frequency laser fields,
has been also put forward [8].

A transition from single to double QW potential in-
duced by ILF was revealed by Lima et al. [9]. Using the
laser-dressed potential model in single QWs, the authors
found the formation of a double-well potential structure
in the regime o > L/2, where L is the QW width and
« is the laser-dressing parameter. The study of ILF ef-
fects has been extended to other heterostructures with
or without the application of external probes such as ap-
plied electric and magnetic fields and hydrostatic pres-
sure [10-13].

The present work concerns with the theoretical study

of the effects of ILF on the hydrogenic-like shallow im-
purity states in QWWs with rectangular cross-section.
The study includes the influence of independently ap-
plied laser radiation fields oriented along the horizontal
and vertical directions in the zy plane. In addition, we
incorporate the influence of an in-plane-oriented static
electric in order to investigate its effects on the impurity
binding energy as well. The organization of the paper is
as follows: in Sect. 2 we describe the theoretical frame-
work. Section 3 contains the results and discussion, and
finally, our conclusions appear in Sect. 4.

2. Outlook of the theoretical model

We shall deal with the effects of ILF on the bind-
ing energy of a shallow-donor impurity in a rectangu-
lar transversal section GaAs—Gag.7Alp 3As quantum wire
in the presence of applied electric field. The calcula-
tion assumes the envelope-function and parabolic-band
approximations. The choice for the electric field orien-
tation is F' = (F,, F,,0). The transversal section of the
wire is placed in the xy plane and the z-axis is chosen
along the main axis of the wire. In absence of laser field,
the Hamiltonian for the electron—impurity system in a
rectangular-section GaAs QWW under in-plane direction
applied electric field is

n? [ 0? 0? 0?
i = 2me | 02 + Oy? + 022
2

€
Fox+ Fy) — —,
+lel(Fuz+ Fyy) — <

+V(z,y)

r=+/(x—0)2+ (y — %0)? + 22,

(198)


http://dx.doi.org/10.12693/APhysPolA.125.198

Intense Laser Field Effects on the Shallow-Donor Impurity States. . . 199

V(z,y) =V1+Va. (2.1)
In our model calculation we consider V; = Vj = 225 meV
outside the wire region and zero into the wire region. Be-
sides, (xo, o) labels the impurity position. This approx-
imation is valid in quantum well wires with transversal
section larger than L, x L, = 10 x 10 nm?, which cor-
responds mainly to the results reported in the present
work. On the other hand, taking these dimensions
also allows us to consider the laser-induced conduction
band confining potential energy as a slowly varying func-
tion on the atomic length scale, which supports the use
of the effective mass approximation. In order to in-
clude the non-resonant ILF effects, we adopt the Floquet
method [14]. According to this formalism, the single par-
ticle z-dependent confinement potential is written as
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Here, «, is the laser-dressing parameter (from now on
ILF-parameter) [15]. In Eq. (2.2), I and w are, respec-
tively, the average intensity and the frequency of the
laser, c is the speed of light, and Ay is the amplitude
of the vector potential associated with the incident radi-
ation. There is an analogous expression for the confine-
ment potential along the y-direction. Under the laser ef-
fects the last term of Eq. (2.1) — the one-center electron—
hole Coulomb interaction — must be replaced by a two-
-center Coulomb interaction as

e? 1 1
werr) =~ (e + o)

a = (ag,q,,0). (2.3)
The ground state impurity wave function, and the cor-
responding energy, can be calculated via a Rayleigh—
Ritz variational procedure. The energy of the electron—
impurity system, F, is obtained after minimizing the
Hamiltonian with the trial wave function. The impu-
rity binding energy (F},) is obtained from the definition:
Ey, = Ey— E, where Fj is the energy of the uncorrelated
electron ground state in the QWW.

(2.2)

3. Results and discussion

We report the numerical outcome of the study for
the case of a GaAs—Gag.7Alg.3As quantum well wire, as
a prototypical system. The remaining set of param-
eters included in the calculations is: ¢ = 12.65 and
me = 0.067mg (where my is the free electron mass).

Figure 1 contains the calculated 1s-like electron—
impurity binding energy as a function of the position of
the donor atom along the z-direction for fixed yg. The ge-
ometry of QWW'’s cross-section considered is the squared
one, without the application of any external static elec-
tric field. The situation in which no ILF is applied to
the system and yo = 0 shows the typical behavior of

the binding energy for a QWW of square cross-section.
A maximum is attained at the very center of the wire
(on the z-axis) provided that, for symmetry reasons,
the expected electron—-impurity distance has its smaller
value, thus leading to the strengthening of the Coulombic
coupling.
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Fig. 1. Binding energy of a donor impurity in a GaAs—
Gag.7Alp.3As quantum well wire with square transversal
section as a function of the impurity position along the
z-direction with L, = Ly, = 15 nm and F, = F, = 0.
The system is under the effects of intense laser field
radiation with in plane-polarization of light: in (a)
ay = ay = 0, whereas in (b) and (c) the results are
for az = 7.5 nm and oy = 10 nm. In (a) and (b)
the impurity moves along the x-direction with yo = 0
whereas in (c) two different values of the yo-coordinate
have been considered.

Connecting the externally applied lasers along the z-
and y-directions, keeping the same position for the im-
purity atom, causes an overall reduction of the binding
energy due to the shifting of the electron uncorrelated
wave function away from the origin that enlarges the ex-
pected electron—impurity distance (Fig. 1b). According
to the explanation given in the previous section, the con-
fining potential shape modifies due to the ILF influence.
Along the z-direction it becomes a single-V-shaped close
to the origin — quantum well potential with larger ef-
fective width, given that o, = L/2. On the other hand,
the potential profile along the y-direction becomes that
of a double quantum well, symmetrically positioned with
respect to the origin. As a consequence, the uncorre-
lated electron wave function exhibits a local minimum
centered at the origin (the reader is referred to observe
Fig. 3c to see an analogous situation is depicted along
the y-direction, although is different along the horizontal
one).

Under the same configuration, shifting upwards the y
position of the impurity atom results in the recovery of
the binding energy curve shape, Fig. 1b, but with reduced
amplitude in comparison with the Ey shown in Fig. la.
Now, the displacement of the donor atom brings closer
the impurity to the electron; but only to one of the prob-
ability density maxima — the one associated with the
split upper potential well. In consequence, the value of
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the binding energy reduces, as it is immediately appar-
ent when the impurity vertical position is shifted further
upward (dashed line in Fig. 1c).

In Fig. 2 we are presenting the results of the cal-
culation of the electron—impurity binding energy as a
function of both the in-plane angular orientations of
the ILF (Fig. 2a) and a static electric field of intensity
F =50 kV/cm (Fig. 2b) — with no laser field applied.
The donor atom locates at the origin (center of the rect-
angular cross-section). The system’s cross-section has
dimensions L, = 15 nm and L, = 20 nm, and the max-
imum amplitude of the laser parameter components is
o = 5 nm.
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Fig. 2. Binding energy of a donor impurity in a

GaAs—Gag.7Alp.3As quantum well wire with rectangu-
lar transversal section as a function of the angle of the
intense laser field in-plane polarization (a) and as a
function of the angle on the in-plane applied electric
field (b). The results are for L, = 15 nm, L, = 20 nm,
and on-axis impurity (zo,y0). In (a) F, = F, = 0,
ar = acosl, ay = alsinf|, and o« = 5 nm. In
(b) az = ay = 0, Fy = Fcosh, F, = F|sinf|, and
F =50 kV/cm.

If there is only an in-plane-oriented applied laser ra-
diation, Fy, is a growing function of the angle 6 until it
reaches to a maximum at an angle of approximately 55°,
and then starts decreasing. Here, one must keep in mind
that, for a ILF parameter of only 5 nm, the main effect is
to effectively widen the conduction band QW along both
horizontal and vertical directions. This effect is more pro-
nounced along the z-direction given the smaller length
of this rectangle side. As a consequence, the expected
electron—impurity distance augments and the result is a
lower value of FE},, as noticed from Fig. 2a when 6 = 0.
The rise in the angle causes a competition between the
reduction in width of the horizontal well and the increase
in the effective potential well along the y-direction until
there is a configuration that brings the maximum of the
electron uncorrelated probability density closer to one of
the Coulombic centers. There, we obtain the maximum
of the binding energy seen in the figure. By further aug-
menting the angular amplitude we detect a decreasing
variation; but this time, the rate of decrement is smaller,
provided that the widening effect of the growing vertical
component of the ILF is not as pronounced due to the
larger length of this rectangle side.

In the case of an in-plane oriented static electric field
in the zero laser regime, the consequence of the growth

in the angular amplitude measured from the horizontal
axis is to progressively diminish the value of the impu-
rity binding energy — although the quantitative fall is
pretty small. It is well known that the most prominent
effect of the application of a static electric field on a QW
is to provoke a displacement of the electron probability
cloud towards the direction contrary to that of the field.
This causes an increase of the expected distance between
the electron and the Coulomb centers and, therefore, the
reduction of Fj},. Since the size of the rectangular cross-
-section is larger in the y-direction, this effective separa-
tion is also greater and, as can be seen from Fig. 2b, the
lowest value of the binding energy corresponds, precisely,
to the case in which # = 90°. That is when the static
electric field is applied along the y-axis.
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Fig. 3. (a) Binding energy of a donor impurity in
a GaAs—Gag.7Alg.3As quantum well wire with square
transversal section as a function the in-plane impu-
rity position (zo,y0). In (b), (c), and (d) there is de-
picted the density of probability for the non-correlated
ground state of the confined electron into the quan-
tum well wire. In all the figures the results are for
L, = L, = 15 nm. Several values of the intense
laser field in-plane polarization have been considered:
&z = ay = 15 nm (a) and (b); oz = 15 nm with
ay =9 nm (c), and o = ay = 9 nm (d).

In Fig. 3a we are presenting a density plot of the im-
purity binding energy in a GaAs—Gag.7Aly sAs quantum
well wire with square transversal section as a function of
the in-plane impurity position (xg,yo). The side dimen-
sions and the values of the two components of the ILF
vector parameter are all equal to 15 nm. This figure has
the aim of showing the actual complexity in the behavior
of the binding energy when it is necessary to consider
the presence and effect of two Coulomb centers in the
problem.

Pulling off the donor impurity atom from the QWW
heterostructure, the element of interest is the influence of
the combined application of two in-plane ILFs on the elec-
tron states in a GaAs—Gag.7Alg 3As quantum well wire
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with square cross-section of side length L = 15 nm. Re-
stricting ourselves to take into account the conduction
band ground state only, Fig. 3b—d shows the plots of the
electron probability density for three different configu-
rations of the intensities of laser radiations. Now, the
value on the horizontal and vertical axes has nothing to
do with the location of any Coulomb center. They only
determine the in-plane position in the system.

In Fig. 3b we show the electron probability densities in
the case when the two components of the ILF vector pa-
rameter are equal to L. Following the comments made in
the theoretical framework, this configuration corresponds
to the formation of double QW profiles along both the z-
and y-directions. Consequently, we find a four-channel
electron distribution, associated with the position of the
laser-induced QW’s.

If one of the components is smaller than L (let us take
a, = 15 nm and a,, = 9 nm) but still larger than L/2,
the configuration in the corresponding direction still cor-
responds to a double QW but the two potential wells are
closer between each other. One sees that from Fig. 3c,
where the same horizontal distance obtained for the prob-
ability maxima in Fig. 3b is kept, the vertical separation
reduces significantly. This distribution then behaves as a
two-channel one.

Finally, with the choice of o, = ay = 9 nm, the two
double QW profiles gather together, forming a single elec-
tron probability channel as seen from Fig. 3d. Although
not depicted, choosing o, = a, = L/2 would lead to
the fusion of these four potential minima into a single
one — placed at the square center — with an extremely
localized electron wavefunction that resembles an actual
one-dimensional electron distribution.

4. Conclusions

In this work we have studied the influence of in-
tense laser and static electric fields on the electron
states and the donor-impurity binding energy in a GaAs—
Gag.7Alg 3As quantum well wire with rectangular cross-
-section. As a result of the calculation it is found that
the binding energy is, in general, a complex function of
the location of the impurity atom, as well as of the inten-
sity and orientation of the two independent in-plane ori-
ented intense laser fields. In general terms, the applica-
tion of the laser radiations affects the problem of finding
the binding energy by causing a reduction in the value
of this quantity. This phenomenon is related with the
appearance of two laser-induced Coulombic centers, and
with the modification of the electron probability density
due to the laser-induced change in the confining poten-
tial profile. Given the number of different input elements
entering the calculation, we think that the problem of
the donor impurity binding energy in this kind of sys-
tems deserves further consideration. On the other hand,
we have shown that the combined use of two indepen-
dent in-plane oriented intense laser radiation fields can
be of usefulness for a selective switching of the electron
probability distribution in quantum wires of rectangular
cross-section, from single to twofold and even to four-

fold coupled channels inside the wire. In this way, it
is possible the mimicking of single, double and quadru-
ple coupled one-dimensional electron threads within the
structure. This possibility would also require an addi-
tional study.
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