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We perform theoretical calculations for the band structure of semiconductor superlattice under intense
high-frequency laser field. In the frame of the non-perturbative approach, the laser effects are included
via laser-dressed potential. Results reveal that an intense laser field creates an additional geometric
confinement on the electronic states. Numerical results show that when tuning the strength of the laser
field significant changes come in the electronic energy levels and density of states.
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1. Introduction

Technological developments in the growth techniques in
recent years made possible the fabrication of low-dimensional
nanostructures such as single and multiple quantum wells,
quantum dots, quantum wires and superlattices [1]. Because of
their intrinsic physical properties and their technological applica-
tions in electronic and optoelectronic devices [2], there has been
an increasing interest on semiconductor nanostructures [3,4]. In
addition to this, advances of high-power, long-wavelength, line-
arly polarized laser sources has opened a new possibility in the
use of lasers as a tool to manipulate electronic wavefunctions
[5-7]. Some interesting phenomena associated with the external
field arise in case of system with reduced dimensionality owing to
the confinement of the charge carriers. Application of an intense
laser-field (ILF) radiation considerably affects the electrical and
optical properties of low-dimensional semiconducting structures
[8-13].

Semiconductor superlattice (SSL) is based on a periodic struc-
ture of alternating layers of two semiconductor materials of
almost equal lattice constant with wide and narrow band gaps
[14,15]. The artificial periodicity of the SSL perturbs the band
structure of the underlying materials to produce new (miniband)
conduction states, the energies of which can be selectively tuned
through the design of the SSL [16]. Localization of the electronic

* Corresponding author. Tel.: +90 232 301 86 61; fax: +90 232 453 41 88.
E-mail address: serpil.sakiroglu@deu.edu.tr (S. Sakiroglu).

0022-2313/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.jlumin.2012.01.060

states in the material is highly sensitive to the barrier width and
height, impurity distribution, effective mass, and the action of
external fields [17]. The typical energy scales in superlattices or
multiple quantum wells, such as miniband width, exciton level
spacing, Bloch oscillation frequency, etc., are in the terahertz
(THz) regime [18]. Therefore, these structures can be served as a
tool to investigate the effects of an ILF. Understanding the basic
physics involved in the external field-semiconductor interaction
may assist in designing optoelectronic devices with high fre-
quency. Recent experiments on the optical properties of SSLs
irradiated by an intense THz radiation revealed some interesting
phenomena, including the dynamical Franz-Keldysh effect, the ac
Stark effect, the dynamical localization, and the inverse Bloch
oscillations [19,18]. Many theoretical efforts have been devoted to
the realization of phenomena of the irradiated SSLs, most notably
in their transport properties where many nonlinear processes
arise out [20]. Holthaus [21,22] investigated the quantum
mechanics of laser-driven superlattice and showed the controll-
ability of the quasienergy miniband by the strength and the
frequency of the driving far-infrared laser radiation. Analysis of
the conditions under which collapse of magnetic subbands and
suppression on N-photon absorption or emission precesses occur
has been considered by Rodriguez-Castellenos et al. [19]. Yun and
coworkers [18] studied the excitonic optical absorption and
discussed the interplay between the dynamical localization and
the ac Stark effect. It is well known that significant modifications
in the shape of the confining potential of the quantum well
emerge in a high-frequency ILF [23-25]. Although the main
physics for quantum well structures in high-frequency laser field
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is generally clear, many details on SSLs have not yet been
explored. So far, to our knowledge, the consequences of subject-
ing the charge carriers to an ILF and treating the problem in the
frame of “laser-dressed potential” has not been yet investigated.

The purpose of the present paper is a theoretical study of the
influence of an intense, linearly polarized, non-resonant laser
radiation on the potential profile, the electronic band structure
and the density of states (DOS) of GaAs/Al,Ga; _,As superlattices.
The investigations are based upon a non-perturbative theory that
has been developed to describe the atomic behavior in intense
high-frequency laser fields. The effect of the radiation is
expressed in the “dressed” potential which renormalizes electro-
nic bands. Calculations on the electronic structure of the system
as a function of the laser-dressing parameter has been carried out.

This paper is organized as follows. In Section 2 overview of the
Kronig-Penney formalism for GaAs/Al,Ga;_,As SSL and then
the calculation model used to describe the laser-dressed SSL for
the formation of electronic energy bands is discussed. Numerical
results for the electronic energies versus the laser-dressing para-
meter are presented in Section 3. Finally, Section 4 is dedicated to
the conclusions.

2. Theory and formalism

The one-dimensional Kronig-Penney (KP) model consists of an
infinite series of rectangular barriers with potential height V, and
width L, separated by wells of width L, resulting in a periodic
potential with period L =L, + L, [26]. As well known solution of the
Schrodinger equation for an electron in this periodic potential
introduces the formation of electronic energy bands as well as energy
band gaps. In case of a variable charge carrier effective masses, mg,
and mj in the well and barrier, respectively, the solution of the
Schrodinger equation can be obtained by using the basis of envelope-
function approximation. The Schrodinger equation then is written as

2
{hz(fz (o) +V(z>} 0@ =Ep(), M)
where the periodic potential of the superlattice satisfies the following
translational invariance V(z+L)=V(z) and discontinuity at the
interfaces of the two kinds of materials with the local masses m*(z),

Vo, mj,
V)= { o M@= { -y

The solution of the Schrodinger’s equation for the KP potential is
obtained by assuming the Bloch periodicity condition

@(z+L) = exp(ik,L)p(2), 3)

where k, is the wavevector with the manifold of —m/L <k, < 7/L.
The KP model assumes that the electron wave function and
its weighted derivative are continuous at the interface of
quantum well and potential barrier [27]. Then the solution of the
Schrodinger equation in Eq. (1) is obtained from the determinant
of a 4x4 matrix resulting from four boundary conditions.

By the definitions ky = \/2m%E/h?, ky = \/2m*(E—Vo)/h* = 0, and
Kp = 1 /2m§(V0—E)/h2 >0, in case E > V), the solution of this deter-

minant is

—-L,<z<0,
O<z<Ly. @)

cos(k;L) = cos(ky,L,,) cos(kpyLy)

1 (miky
2 \mxk,

mikp
miky

3 > sin(kyLy) sin(kpLy)

and, other case Vo > E, the solution is

cos(k;L) = cos(kyLy) cosh(ipLy)

1 (mpky  miKp
2\ mic,  miky

> sin(kwLy) sinh(xLy)

in the form.

The method of approach used in the present calculation is
based on a non-perturbative theory describing the atomic beha-
vior in intense high-frequency laser fields [28]. Non-resonant
electromagnetic (EM) radiation is assumed to be a linearly
polarized along the growth axis of a structure and it is repre-
sented by a monochromatic plane wave with a frequency w.
Determination of the electronic states implies the inclusion of the
potential corresponding to the radiation field to the kinetic part of
the Hamiltonian. This problem can be handled semiclassically by
combining a quantum description of the particle with a classical
description of the radiation field [29].

For a slowly varying field in the physically important region of
the space, upon the non-relativistic dipole approximation the
vector potential of the EM field can be expressed as A(r,t) ~ A(t).
For any oscillatory A(t), the Kramers-Henneberger (KH) unitary
translational transformation [30] can be applied in order to
transfer the time dependence from the kinetic to the potential
term in the Hamiltonian. This transformation leads to time-
dependent Schrodinger equation given as

n? dP(T )
2m* ot '
Here V(7)) is the atomic potential and o(t) = e/m*.['tA(t’) dt’ [31].
For a monochromatic laser field with a strength of Fy, the vector
potential is assumed to be A(t) = Ag cos(wt)z where Ag = Fo/w and
Z is the unity vector for the z-axis direction chosen to be a growth
direction of the SSL. Then we have o(t)= o0y sin(wt), where
oo =eAp/m*w is defined as a laser dressing parameter. The
Eq. (4) emphasizes the fact that the electron motion in an EM
field can be alternatively described in an accelerated frame that
oscillates in the phase of the field [29]. Expansion of the oscillat-
ing potential V(7 + (t)) in a Fourier-Floquet series in the case
of a sufficiently high frequencies, bring out the dominating
zeroth-order term which corresponds to the time average
l/ijT V(T + () dt (T=2n/w) being the period of the radia-
tion) [32-34], and called as a laser-dressed potential [29].Then
electronic states of the system can be obtained via the solution of
the following time-independent Schrédinger equation:

V2Y(T 0+ V(T + 3 () P(T .0 =i @)

wd( 1 d
[— 5 dz <m*—(Z)E> +<V(z,a0) >] @2)=Ep(2), ©))
where E is the energy level of zero-th Floquet component ¢(z)
under ILF conditions.

In searching for an analytical expression for the laser dressed
potential, after making the substitution u= wt, time-averaging
integral is written as a sum of four integrals corresponding to the
equally spaced subintervals of the integration domain. Extended
details can be find in the reference [29]. Then the laser-dressed
potential takes the form

~+ 0o
V(z.ag)y = 1/ — Y yerw, ©6)

T foZ—o2
0

It should be noticed that the approach of the laser-dressed
potential is valid for a high-frequency regime, e.g., w7 > 1, where
T is the transition time of the electron. This condition is well
satisfied in case of GaAs/Al,Ga; _xAs quantum well of width 100 A
and with x=0.3 subjected to a monochromatic CO, laser beam of
frequency =~ 100 THz [35].
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The conduction band superlattice potential with a period
L=Ly+L, consists of GaAs of width L,, which serves as a well
and Al,Ga; _xAs of width L, which serves as a barrier. In order to
take quantum interference effects due to the superlattice poten-
tial, V(z) is decomposed in a Fourier expansion of a general form

+0o0
V(Z)= Z Vn ei(2nn/L)Z' (7)

n=—oo
with expansion coefficients v, given as
iVo

ﬁ(] —e@m/Dlyy  and  vg =V, Ly, 8)

L

The laser-dressed potential corresponding to the superlattice
potential in Eq. (7) is obtained by performing the time-averaging
procedure presented in Eq. (6) and using Jacobi-Anger expansion
[36] for the exponential term in the Fourier expansion of super-
lattice potential. Then we have

+00
Vzag)y = > vy e, (Z%n oco>. €))

n=-o0

Unp=

Here Jy(x) is zero-order Bessel function [37]. To obtain the laser-
dressed eigenfunctions and eigenenergies associated with the SSL,
the Hamiltonian in Eq. (5) is diagonalized in the model space
spanned by using the time-independent wave function ¢(z)

@) =e*y, (2), (10)
with
+N in2m/L)z
e
h@= Y dy (11)

N

where dﬁz are k,-dependent unknown expansion coefficients for
the periodic function y;_(z). By applying the appropriate boundary
continuity conditions at the interface between materials, the sum
is extended over the number n which denote the number of sites
in the unit cell, with length L =2Nh and equally spaced size h.
Eigenenergies with satisfying sufficient accuracy have been
obtained for N > 50.

The density of states reflects the maximum number of carriers
that occupy states with energies between E and E+dE. We start

n=—(N-1)
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from the general expression of the local density of states in one
dimension, assuming a quantum-numbers set ot = {n,k;} and spin
degeneracy g, = 2, defined as

D(E,2) =8> E—En(ko)| @, @)

nk,

(12)

Here n is the band index, En(k,) is the band energy and ¢, (2) is
the solution of Eq. (5). By applying the scaling transformations
such as E—EfE, L—aiL, and k; — k. /a% where a} = 4neh? /(m%e?) is
the effective Bohr radius and Ej =#?/(m%ai?) is the effective
Hartree energy, the integrated density of states is obtained as

fes) /L

1 g
DE)= —=5
(E) ZnE’,‘;aﬁng] /L

With the definitions, Do =m%,/(mh?) which is DOS of the two-
dimensional free electron gas and A defined to be the number of
roots for the equation E—Ey(k,;)=0, with i=1,2,...,4, the final
expression for the integrated DOS reaches to the form

-1
ke = kzvi>

dk;0(E—En(ky)). (13)

DE) g = <~ (|dEn(ky)
PO -3 (5

i=1

(14

3. Results and discussion

In numerical calculations, the finite-barrier confinement
potential V, is obtained from the 60% rule (x < 0.45) of the band
gap discontinuity (AEg) between AlsGa;_As and GaAs in the
absence of the laser radiation. The conduction-band offset is
estimated according to the Miller’s rule, Vo =600 x (1.155x+
0.37x2) (meV) [38]. It is known that, when the concentration x
of Al in the superlattice barriers is varied, transparency of the
system is affected and hence the system turns smoothly from the
case of strongly coupled to the weakly coupled SSL. These regimes
are identified with wide minibands/narrow minigaps and narrow
minibands/wide minigaps, respectively [39]. In the present study
the Al concentration in the barriers is fixed at x=0.3 and the zero
reference energy is settled at the bottom of GaAs conduction band

2 a 0p/Lp=0
(Xoll_b=1/4
‘ ‘ ‘ (Xoll_b=1/2
10 (Xo/l_b=1
) ‘ N
*u\Jj 0 . .
> 20 | b op/Ly,=0
oo/l =1/4
og/Ly,=1/2
10T /L, =1
N
0
-4 -2 0 2 4

*
Z/ao

Fig. 1. Laser-dressed potential for GaAs/Al,Ga; _As superlattice with x=0.3, L,,=100 A L, =40 A for (a) atg/L, = 0,1,1,1 and (b) o /Ly =0,%,1,1. The black straight lines
state the superlattice in the absence of external EM field. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
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edge which leads to the barrier height at 228 meV. The relation
between the effective masses and the Al content is given as
m¥ =0.0665mp and m} = (0.0665+0.083x)m, where my is the
bare electron mass [40,41].

An array of barriers of energy Vy in SSL gives rise to the
formation of minibands for the electron motion along the super-
lattice axis where the minibands are separated by minigaps. The
width of the minibands and the minigaps is determined by the
thickness of the quantum-well and quantum-barrier layers.
Electronic band structure of the system is calculated by using
the series expansion method. Figs. 1(a) and (b) illustrate the laser-
dressed potential for a SSL with L, =100A and L, =40A as a
function of the z-position which is considered as a growth
direction. The abbreviation V,; seen in the figure denotes the
laser-dressed potential calculated using the Eq. (6).

It is found that ILF induces remarkable variations on the
confinement potential. Fig. 1(a) illustrates the variation of the
laser-dressed potential for different values of oy corresponding to
a field-free (black line), L,/4 (blue line), L,/2 (green line) and L,
(red line). For a given o between 0 and L,/2 the barrier width
decreases (increases) smoothly at the top (at the bottom). In the
meantime, the opposite behavior takes place in the well region.
Furthermore, for o values which satisfy the condition o > L,,/2,
an abrupt decrease in the effective height of the barrier and the
formation of a symmetric pit in the barrier region is observed. The
variation of the dressed-potential profile as a function of the laser
field amplitudes defined with respect to the width of the well is
seen in Fig. 1(b). When the laser field is turned on, the effective
width of the well at the bottom (at the top) decreases (increases)
linearly with the strength of the field and a symmetric pit in the
barrier region is formed. We should note that in the case of
oo = L, the barrier region gets to be a well and the well region
becomes as a barrier. The bottom of the pit is located at the center
of the barrier and both the top and the bottom tends to O in the
large-o,p limit. The emergency of role-exchange between the well
and the barrier, opens the possibility of creating controllable
resonant states located in the material.

For a more comprehensive survey, in Fig. 2 We give a picture
of the laser-dressed potential in a chromatic scale, where lighter
regions are higher parts of dressed-potential. This plot empha-
sizes more clearly the dramatic variation of the dressed potential
profile.

28

22

0.75
ch/Lw

Fig. 2. Laser-dressed potential in a chromatic scale with L,,=100 A and L, =40 A.
Colorbar indicates the height of the potential. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

Next, we investigated the changes induced on the energy
bands and the electron DOS. The variation of the first two bands
with respect to the laser-dressing parameter is presented in Fig. 3.
In the absence of a laser field the ground state miniband is found
to be located between 2.77E; and 3.07E}, above the bottom of the
well and the first excited state miniband to be located at
10.13E;—11.94E;,. Switching oo to Ly/2 shifts the first miniband
to the energies between 5.43E; and 7.42E; whereas the second
miniband lies in the range 7.83E;—13.08E;. The energy shifts
obtained with the increase in dressing-parameter can be under-
stood in the way that an effective well width is getting to be
smaller than L,,. As a result, electronic band structure, in the point
of band widths and minigaps, shows a significant dependence on
the laser-dressing parameter.

One may notice that for a given oy between O and L, /2
monotonic increase in the energy boundaries of the first mini-
band is observed whereas as ¢ increases toward L,, decrease in
the energies is observed. Accordingly, the width of the first
miniband increases with o in the o <L, /2 region, then the
width reaches its maximum at a certain op-value and for further
ap-values, it begins to decrease. This non-monotonous behavior
can be attributed to the oscillations of Jo-zero order Bessel
functions. Larger period in space (140 A) implies that the allowed
energy minibands are very narrow [21]. Laser field causes to the
change of the miniband structure, that provides a new degree of
freedom in optical systems in respect of interband and intraband
transitions. By considering the change of the electronic structure
of the SSL in the presence of the ILF, we can say that this feature
can be taken as the basis for the control of population inversion in
a SSL laser operation in the optical pumping lasing scheme, in
which the miniband numbers and miniband widths are taken into
account for the enhancement of the rate of the population
inversion [29].

The changes in the DOS calculated numerically for different
values of ag with respect to the usual profile are depicted in Fig. 4.

It is clear from this figure that the strength of the laser-driven
DOS reduces with the ILF and the general behavior of the DOS
curve is consistent with that of the energy bands curves in the
Fig. 3. Reduction in the DOS due to ILF enhances with the laser
intensity monotonically, and it suggests an interesting tuning
mechanism. The energy shifts obtained for an ILF can be extracted
from the Fig. 4 by comparing the distances between each vertical
line corresponding to discontinuity at E=E, and its respective

*
h

Energy/E

2 L L
0 0.5 1 1.2

(X‘O/LW

Fig. 3. The lowest and first excited bands of quasienergy for the SSL of period
140 A, plotted vs the laser-dressing parameter.
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Fig. 4. The density of electron states in a GaAs/Al,Ga;_,As superlattice with
x=0.3, L,=100 A and L, =40 A illuminated by an intense laser field. The black
line is for the DOS in the absence of external field.

vertical black line, which refers to the state in the absence of
external field. It should be noted that the variations of the band
width due to the ILF can be modulated by the well width.

4. Conclusion

In summary, we have theoretically investigated the influence
of an intense, high-frequency, non-resonant laser field on the
electronic band structure of GaAs/Al,Ga;_,As semiconductor. A
closed-form expression for the dressed potential of a semicon-
ductor superlattice is derived. For the laser fields with different
oo, the dramatic variation of the formed potential in the well and
barrier region is predicted. Also we conclude that the DOS
decreases with strength of the ILF. The possibility of the creation
of resonant states, with a good control of the energy differences is
pointed out. Therefore, our results can be useful for the design of
new optoelectronic devices.
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