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a b s t r a c t

In this work we shall present a study of inelastic light scattering involving inter-subband electron
transitions in coupled GaAs-(Ga,Al)As quantum wells. Calculations include the electron related Raman
differential cross section and Raman gain. The effects of an external nonresonant intense laser field are
used in order to tune these output properties. The confined electron states will be described by means of
a diagonalization procedure within the effective mass and parabolic band approximations. It is shown
that the application of the intense laser field can produce values of the intersubband electron Raman gain
above 400 cm�1. The system proposed here is an alternative choice for the development of AlxGa1�xAs
semiconductor laser diodes that can be tuned via an external nonresonant intense laser field.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Double semiconductor quantum wells have been the subject of
investigation for about three decades. Some examples of this in-
terest can be found in Refs. [1e15]. Throughout those years, the
attention of the researchers have beenmainly focused on electronic
and optical -including laser- properties. In particular, GaAs-based
double quantum wells (DQW) were proposed as a source of
coherent mid-infrared radiation based on electron Raman scat-
tering (ERS), raising the possibility of fabricating intersubband
Raman lasers [16e21].

The study of ERS in semiconductor low-dimensional hetero-
systems started in the 1980s. The initial treatment of electron
Raman processes was put forward for interband transitions in bulk
systems by F. Comas et al. [22]. A report on the same phenomenon
in semiconductor quantum wells appeared a couple of years after
[23]. Since then, a collection of research articles on ERS in low-
dimensional semiconductor systems have been published [24e31].

On the other hand, the research about the influence of nonres-
onant intense laser fields (ILFs) on the spectrum of charge carriers
in quantum wells has also resulted in a number of papers (see, for
example Refs. [32e35]). More recently, some of us participated in
the study of nonlinear optical properties in GaAs-Ga1�x AlxAs
DQWs under ILF conditions [15].

The present work is intended to investigate the effect of ILFs on
the electron energies and wavefunctions of a GaAs-Ga1�x AlxAs
DQW as well as on the related intersubband ERS and the Raman
gain. The study shall be carried out within the effective mass
approximation using a spectral scheme to determine the allowed
carrier states. The organization of the paper is the following: Sec-
tion 2 contains the presentation of the theoretical framework. In
section 3, we discuss the obtained results and, in section 4, the
conclusions are given.

2. Theory

The model potential assumes a GaAs-Ga1�x AlxAs DQW which
dimensions are LL, LB, and LR for the left-well, central barrier, and
right-well, respectively. Within the framework of the effectivemass
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approximation, the Hamiltonian for the electron in the presence of
high-frequency ILF (the laser-field polarization is along the z di-
rection) in the DQW is given by

H ¼ � Z2

2m�
d2

dz2
þ ~Vðz;a0Þ ; (1)

where m� ¼ 0:0665 m0 is the electron effective mass in the GaAs
material (where m0 is the free electron mass) and z is the coordi-
nate of the electron along the growth direction of the structure.
~Vðz;a0Þ is the ’dressed’ confinement potential which is given by the
following expression [15,34,35].

~Vðz;a0Þ ¼
1
T

ZT
0

V ½zþ a0 sinðu0 tÞ� dt ; (2)

where a0 ¼ e F0
m� u2

0
is the so-called laser dressing parameter, F0 is the

incident field strength, u0 is the non-resonant frequency of the
laser field, and VðzÞ is the confinement potential of the hetero-
structure, in the absence of the ILF, which is zero in the well regions
and V0 in the barrier regions. The value of V0 is obtained from the
band-offset between thewell and barrier materials. In this work we
take V0 ¼ 0:6 ð1155 xþ 370 x2Þ in meV, where x ¼ 0:3 is the
aluminum concentration in the barriers [15].

It is worth mentioning that in a real experiment the effects of
nonresonant intense laser field radiation can be achieved, for
instance, with the use of an Ar laser with wavelengths in the range
of 454:6 nm to 528:7 nm, with electric field strengths sweeping
-for a0 ¼ 5 nm-within the range from 3:25� 105 kV/cm- to 2:07�
105 kV/cm, respectively.

Two main approximations have been considered: i) a constant
effective mass along the whole heterostructure and ii) parabolic
conduction bands, or what is the same energy-independent effec-
tive masses [36,37]. The justification for such a simplification
mainly comes from the rather large value of the effective length of
the heterostructure which is further enhanced by the intense laser
effects. As can be later seen, the ILF causes the reduction of the
intermediate barrier height, which tends to disappear for intense
enough laser radiation.

The energies and wave functions of the confined states are ob-
tained by diagonalization of the Hamiltonian using the eigenfunc-
tions of an infinite confinement potential quantumwell of length L
[15]:

fðzÞ ¼
�
2
L

�1=2 X∞
m¼1

Cn sin
�m p z

L
þm p

2

�
; (3)

where the expansion coefficients Cn are obtained from the diago-
nalization of the Hamiltonian in Eq. (1). In this particular compu-
tation we use 50 terms in sum and L ¼ 50 nm that ensures the
convergence for the computed energy levels.

The general expression for the electron Raman differential cross
section (DCS) is given by Refs. [22,38,39].

d2s
dU dnS

¼ V2 n2S nðnSÞ
8 p3 c4 nðnLÞ

WðnS; buSÞ; (4)

where c is the speed of light in vacuum, nðnÞ is the refraction index
as a function of the radiation frequency, buS is the polarization vector
for the emitted secondary radiation field with frequency nS, V ¼ A�
L is the volume of the DQW (A is the transversal section of the
structure), and nL is the frequency of the incident radiation (with
polarization vector buL). Considering that the Raman process

involves the DQW states in the way j0〉/j2〉/j1〉, the transition
rate WðnS; buSÞ is given by

WðnS; buSÞ ¼
2
Z

���� T021
ES þ E1 � E2 þ iGa

����2 Gf

ðEL � ES þ E0 � E1Þ2 þ G2
f

;

(5)

where T021 ¼ PL02 � PS12 with Pkij ¼ hi
���Hk

���ji (Hk with k ¼ S; L).
We have chosen a fixed value for the broadenings of the inter-

mediate and final states, i.e., Ga ¼ Gf ¼ 2 meV [38,39].
Bearing inmind that the growth direction in the heterostructure

is along the z-axis, and considering the polarization of both the
incident and the emitted secondary radiation to be oriented along
the z-axis as well (that is, we choose buL ¼ ð0;0;1Þ andbuS ¼ ð0;0;1Þ, for the polarization unit vectors), the photon-
electron interaction operators involved in the matrix elements
appearing in the transition rate (Hk with k ¼ S; L) will be given by

Hk ¼ �ijej
m0

ffiffiffiffiffiffiffiffiffiffiffi
2pZ3

Vnk

s
d
dz
: (6)

The nonlinear dielectric susceptibility due to the electron-
Raman scattering is [16].

cð3ÞðES; EL; ES;�ELÞ ¼ �i
ðN0 � N1Þe4

���M02

���2���M12

���2
ε0

�
d2 þ G2

�
G

; (7)

where Mij ¼ hi��z��ji and d ¼ E2 � E0 � Z uL.
The Raman gain is a quantity that characterizes the efficiency of

the Raman scattering process for obtaining a coherent emerging
radiation. At the frequency uS it will be given by Ref. [16].

GR ¼ � uS

n c
Im

�
cð3Þ

� ���EðuLÞ
���2; (8)

where
���EðuLÞ

���2 is the squared amplitude of the pumping field from
which we obtain the pumped intensity IL ¼ 1:0 � 1010 W m�2.
Besides, we have N0 � N1 ¼ 2=V ¼ 2:0� 1023 m�3 as the three-
dimensional density of carriers in the process (The number 2
comes from the two electrons with opposite spin in the ground
state). The linewidth G is assumed to have the value 1:5 meV in all
cases. For the incident photon we took Z uL ¼ 150 meV and for the
refractive index n ¼ 3:5 [38,39].

3. Results and discussions

Two different samples have been considered in this work. The
sample 1 (S1) has two quantumwells of 8 nm and 4 nm separated
by a central barrier of 2 nm. The sample 2 (S2) has two quantum
wells of 8 nm and 6 nm separated by a central barrier of 2 nm.

The features of the Raman response to be analyzed below can be
better understood if we previously discuss the properties of the
electron spectrum as a result of the changes in the intensity of the
laser field.

The DQW potential profile, for six values of the a0 ranging from
0 to 5 nm in 1 nm steps, is presented in Fig. 1(a) e (f). For a0 ¼ 0,
Fig. 1(a), it is observed that the ground state is mainly confined to
the left well, of larger width, while the first excited state is more
localized in the right well, with smaller width. The second excited
state, which energy is close the barrier height, is more localized in
the left well. A small percentage of the probability density of the
mentioned three states is localized in the secondary well. It should
be noted that the well dimensions and barrier height allow only the
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