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Abstract
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In this paper, the numerical computation for the absorption coefficient and the relative refractive
index change, considering the third order correction nonlinear optical properties, is reported.
This study was performed for a symmetric two-step GaAs/Ga;_,Al,As quantum well, subjected
to a constant electric field applied along the growth direction z, and an in-plane constant
magnetic field B. We also consider the intense laser field effect, characterized through the laser-
dressing parameter ay. The electronic structure computation was obtained by working under the
effective mass approximation and the Schodinger equation was solved by diagonalization
procedure. The optical properties are calculated by using the well-established compact density
matrix formalism expressions for the nonlinear optical properties of interest. In general, we
found that the structural parameters, as the step-like potential or the central barrier, permit the
resonant peak and the amplitude design. We also found that the system becomes more sensitive
to electric than to magnetic field, and finally that the intense, non-resonant, laser field can
strongly change the optical properties of interest. Our results indicate that the implementation of
the step-like potential profile, experimentally feasible, enhance the optical properties of interest,
that falls within the THz electromagnetic range, and can be used to design a photodetector, or

even can be used for quantum cascade lasers design.

Supplementary material for this article is available online
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1. Introduction

Nowadays the high control that can be obtained in the com-
position and characterization of the III-V heterostructures is
continuously improving, for instance Zhang et al [1] experi-
mentally investigated the effect of the manipulator tempera-
tures on the uniformity of AlGaAs/GaAs epitaxial layers,
grown by molecular beam epitaxy (MBE), and concluded that
the uniformity of the AlGaAs/GaAs epitaxial layers, opti-
mizing the manipulator temperature with a higher temper-
ature, was improved. Cetinkaya et al [2] experimentally
studied the optical properties of n- and p-type GaAsBi/
AlGaAs single quantum well (QW) structures in order to

0031-8949,/20,/035802+-07$33.00

determine the effect of the AlGaAs barrier doping, separated
by an undoped AlGaAs spacer layer from the GaAsBi active
region (QW), on the photoluminescence spectra, and obtained
that the bismuth incorporation induced an important shift in
the main intra-band transition PL spectra. And just to give
another recent reference in this direction Yue et al [3] pro-
posed and implemented, with MBE, a type II InGaAs/
GaAsBi QW structure for long wavelength emitters of high
quality with no In and Bi inter-diffusion between InGaAs and
GaAsBi layers. These high control, and sophisticated, semi-
conductor growth techniques permit to propose promising
semiconductor devices such as quantum cascade lasers (QCL)
[4, 5]. In particular, the variable barrier height AlGaAs/GaAs
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QCL was proposed to operate in the THz electromagnetic
spectra region [6], that is just this range of operation that we
are interested in for possible device design.

It is worth mentioning that one of the building blocks for
semiconductor devices design are, undoubtedly, high quality
heterostructures as discussed above, and among the wide
quantity of possibilities, the coupled double QW structures,
with different shapes and doping profile, are of paramount
importance [7-11], because they can be used to tune linear
and nonlinear optical properties that can be the intersubband
absorption coefficient (AC) [12], the relative refractive index
change (RIC) [11], second (third) order harmonic generation
and nonlinear optical rectification [9], phase-dependent
intersubband optical properties of asymmetric coupled QWs
—just to give some examples—as a function of the electric
and magnetic field, hydrostatic pressure, barrier doping pro-
files etc, the coupled double QW can also be used for field
effect transistor applications [8, 13]. Even, multiple QWs
semiconductor nano-structures are of interest for optical
properties, as the intersubband AC, that can be tuned by an
applied electric field [14]. In this line, the step-like potential
profile [15-20] is an interesting system due to its asymmetry,
because of this, in function of its design and used materials,
induces wave function asymmetry that can enhance the dipole
matrix element meaning that the expectation value of ez
(i(@)e zlyr(z))) increases by the overlapping of the
involved wave functions, that can be controllable with intense
laser or electromagnetic fields effects [15], plasmon mode
coupling in an AlGaAs/GaAs, by means of electric field
effects, was also reported by Song et al [16], and it was also
proposed as a mechanism to generate direct and indirect
excitons in InGaN/GaN strained step-like QWs [18].

In addition to the above mentioned effects on QW
semiconductor heterostructures, the non-resonant intense laser
field (ILF) effect, polarized perpendicularly to the interface,
can modify the potential seen by the electrons in such a way
that even can induce a transition from single to double QW
potential profile, characterized through the laser dressing
parameter oy, as reported by Lima ez al [21]. The geometrical
parameter « allows to compute the bound-states energy
levels for the deformed potential (laser dressed potential)
seen by the charge carriers in the semiconductor hetero-
structure. The ILF effect has been studied in several systems,
for instance in single GaJn;_N;As;_,/GaAs QW [22],
considering electromagnetic fields reporting nonlinear optical
properties [23], ILF effect on the nonlinear optical properties
for a two-level Al,Ga; N/GaN single QW [24], and single
n-type 6-doped QW reporting the same optical properties
[25], just to give some examples. But also double QW
structures has been also investigated, for instance the elec-
tromagnetically induced transparency, due to the laser-
induced electron tunneling, for an asymmetric double
GaAs/Al,Ga;_,As QW has been reported [26], the ILF effect
on the transmission coefficient and on the resonance energy
for a resonant tunneling structure was also reported [27]. Even
the ILF effect, on the electronic structure, has been studied for
an GaAs/AlGa,_,As superlattice [28].

In this paper, we are interested in an Al,Ga,_,As/GaAs
double symmetric step-like potential profile. In particular, we
present the AC and the relative RIC, considering nonlinear
corrections up to third order, when the system is subjected to
an electric field (E) along the growth direction, to an in-plane
magnetic field (B) and to a non-resonant ILF effect. These
external factors allow to manipulate the optical properties and
also the proposed step-like potential profile has an important
effect on the optical properties as will be shown below.

The organization of the paper is as follows: section 2
presents the description of the theoretical framework. In
section 3 the results and discussion section is presented.
Finally, section 4 contains the main conclusions of the study.

2. Theoretical framework

The effective mass approximation has been demonstrated to
be an accurate way to deal with the electronic structure
computation of semiconductor quantum heterostructures. In
this case, we are considering a symmetric two-step
GaAs/Ga; Al As rectangular QW when the effect of elec-
tric field, magnetic field and non-resonant ILF effect, are
considered. The one-dimensional effective mass Hamiltonian
is given by:

2 2 2
H[ n & 4B

C2mFd2 2mF

e

22 + zeF + (V(z; Oéo)>], ()

here m:‘ is the electron effective mass, F represents the
strength of the z-oriented applied electric field, the in-plane
(x-oriented) static applied magnetic field, characterized by a
vector potential A = —Bi, gives the well known parabolic
potential term. The laser-dressed potential (V (z; ayg)) is:

9] 27/ .
(V@ o) =— [ Ve + agsinndr, )
2w Jo
where the laser-dressing parameter o is:
€A0
Qp = ey (3)

A representing the optical field strength and 2 stands for the
non-resonant frequency of the laser field, e is the absolute
value of the electron charge and the two-step
GaAs/Ga,;_,Al,As QW confining potential is given by:

(Vo, z< —23
Ve —z3<z< -2
0, —n<z<—zg
Ve@ =3V, —1 <2< 2 €]

0, z1<z<2
Vo nsz<m
Vo, z2>2z3

where V., is the band discontinuity calculated by
Ve = Q.(1155x + 370x?) meV, with Q. = 0.6 that represents
the conduction band offset parameter for GaAs/Ga; Al As
QW, x is the Al concentration in each region. L,,, L., Ly
denote the well, the central barrier and step barrier widths,
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Figure 1. Potential profile, and the first two level probability densities, for a two-step GaAs/Ga,;_,Al,As QW: (a) without any external
interaction, (b) with an applied electric field of strength 25 kV em !, (¢) a static magnetic field of 10 T, and finally (d) with a laser-dressing
parameter oy = 25 A. The Al concentration x determinate the barrier height and L,,, L., L, stands for the well, central barrier and step barrier

widths, respectively.

respectively, with z; =L,/2, z=Ly/2+ L,, and
z3=0Ly/2+ L, + L;, see figure 1(a) for a graphical
representation of the potential profile.

The electronic structure computation was performed
within the framework of the effect mass and parabolic band
approximation. Here, we implemented a well proved diag-
onalization numerical scheme, in order to solve Schrddinger
equation with hamiltonian (1), that has been used to study the
electronic structure for an important amount of semiconductor
quantum nanostructures, for instance see [7, 9, 12] and
references therein, in fact this is an in-house developed pro-
gram code adapted to each system instead of using com-
mercial software. This is done by the diagonalization of the
Hamiltonian matrix H,,, that comes from the envelope’s wave
functions expansion for the Hamiltonian in terms of the
complete set of wave functions of an infinite barrier potential
well of width L. The laser-dressing potential given by the
equation (2), which depends on the laser-dressing parameter
v, 1s numerically integrated to obtain the potential profile
seen by the confined electrons. Then, by working under the
envelope function approximation, we diagonalize the com-
puted the Hamiltonian matrix to solve the eigenvalues pro-
blem. Then, the refractive index and optical AC changes, for
the two-step GaAs/Ga,;_,Al,As QW structure, can be easily
computed with the help of the density-matrix approach

method that provides us analytical expressions for the linear
optical ACs and the RICs [11, 15], given by:

Ho [ p 7 TiolMyol? ] )
g0 & | (Eio — 72 w)? + (7 Tip)?

BO(W) = w

E10 —fw
s 6
(Evo— A w)? + (7 F10)2] ©

AnD(w)  p |Mlo|2[
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while the third-order nonlinear optical ACs is given by:
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and third-order correction to the RICs can be written as fol-
lows:
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where n, is the relative refractive index of the system, ¢, and
Lo stand for vacuum permittivity and permeability, respec-
tively. p is the carrier density of the system, w is the incident
photon’s angular frequency, I is the optical intensity,
E1o = E; — E, represents the energy difference of different
two electronic states, I'yy is the relaxation rate, and
M;; = (;(2)]e z|;(z)) is the dipole moment matrix element.
The total ACs and RICs can be given as follows

BOWw, D = V(W) + BV (w, D ©))

and

AnD(w, 1) AnD(w) N An® (w, 1)

ny ny n,

(10)

3. Results and discussion

In this work, we reported the total AC (6w, D) and the total
relative RIC (AnT(w, I)/n,), for a symmetric two-step
GaAs/Ga;_,Al,As QW, taking into account the third order
corrections due to resonant ILF (of intensity /) and the effect
of a non-resonant ILF, polarized perpendicularly to the
interfaces, for which the dipole approximation applies, and
that for sufficiently high frequencies is characterized by the
laser-dressing parameter oy [21], as discussed above in the
theoretical framework section.

The system parameters are: Vy=228.0 meV, the step-
like potential width is L;=25 A with potential height
Vy=Vy/n (n=1, 2 and 4), the well width is set to 50 A and
the central barrier width is L., = 30 A, with potential height
V., =228.0meV, as depicted in figure 1(a). In figure 1(b) is
reported the potential profile and probability densities, for the
ground and first excited states, for F=25kV cm”!, in
figure 1(c) we reported the same system but for B= 10T and
finally in figure 1(d) the case of g =25 A. The resonant laser
intensity is /=04 MW cm 2 [29]. In the next figures we
shown first the optical properties of interest as a function of
the step-potential height (V,) and the central barrier width
(Lep) (see figure 2), then the effect of electric and magnetic
field in figure 3 and finally in figure 4 the non-resonant ILF
effect. In the paper’s supplementary material (free available
online at stacks.iop.org/PS/95/035802/mmedia), we inclu-
ded the energies (Ejo) and the transition moments (M;,) of
interest, as functions of B, F and «, for a fixed value of the
step-like potential profile V,=V,/4 in order to physically
discuss the below described results. In the first case (figure-
SM-1(a)), the energy level difference and the dipole matrix
element is reported as a function of the applied magnetic field
from 0 to 20 T, and the energy difference increases

quadratically from about 12.5 until 15.5 meV while the main
dipole matrix element decreases non-monotonously from
about 48 until 45 A that will be reflected in figures 3(a) and
(c). The second case (figure-SM-1(b)) corresponds to the
above mentioned physical quantities as a function of the
electric field (F) from 0 to 50kV cm_l, but in this case the
energy level difference increases almost linearly from 12 until
near 50 meV, and the correspondingly dipole matrix element
decrease faster than in the previous case, that could be easily
observed in figures 3(b) and (d). Finally, the laser dressing
parameter dependence (figure-SM-1(c)) is almost parabolic
for the main energy difference (E;y) and a non-monotonically
decreasing dipole matrix element is observed, but in this case
the range is wider, so the computed optical changes are more
pronounced than in the previous cases, that will be reflected in
figures 4(a) and (b). In all the discussed cases, for the chosen
ILF intensity of /= 0.4 MW cm_z, the third order correction
is about 10%, and because the optical properties mainly
depend on the main energy transition and on the dipole matrix
element, as can be verified from equations (9) and (10) the
reported nonlinear optical properties strongly depend on the
values of E;q and M;,, as will be reflected below.

In figure 2 we present the effect of the aluminum con-
centration x in the step-like potential height (V;), as well as
the central barrier width (L.,), on the AC and the relative
RICs for the two-step GaAs/Ga;_,Al,As QW. Figure 2(a)
shows the total AC for three values of the step-like potential
height V, = V,,/4, V,/2 and Vj, the resonant peak undergoes
a blue-shift (about 10 meV) and its intensity increases no
more than 10% as the V| value increases, for this particular
plot the central barrier width is L., = 30 A.In figure 2(b) the
effect of the central barrier width L, considering a step-like
potential height of V, = V;/4, is reported, here the resonant
peak experiments a red-shift (also about 10 meV) and the
magnitude of the optical AC diminishes as L., rises. The
similar behavior is reported in figures 2(c) and (d) for the
relative RICs, the node presents a blue-shift (red-shift) as V;
(Lcp) increases. The physical reason for the increase in the AC
in figure 2(a) as the step-like potential height increases, for a
fixed central barrier width (L), is that the overlapping of the
involved wave functions increase, and the energy difference
between the first excited state and the ground state also does.
On the other hand, as the central barrier width (L.;) increases,
for a fixed value of the step-like potential height V, = V,/4,
the overlapping decreases causing a diminishing in the AC
amplitude, as reported in figure 2(b). Finally, the corre-
spondingly relative RICs also responds to the dipole matrix
element behavior.

In figure 3 are shown the effect of the magnetic and
electric fields on the total AC and the total relative RIC, that
includes the linear and third-order correction due to the
incident optical intensity /. In all the reported cases the step-
like potential is set to V; = V,/4 and the central barrier width
is 25 A with a barrier height V{, and the laser dressing para-
meter ag = 0. In figure 3(a) is reported the AC, without any
electric field, for magnetic field values of 0, 10 and 20 T, and
in can be seen that the resonant peak becomes lightly blue-
shifted in energy, from 13.5meV (B =0) to 16.5meV
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Figure 2. Absorption coefficient (a), (b) and relative refractive index changes (c), (d) for the two-step GaAs/Gai—xAl,As quantum well,
considering different values of the step-like potential height V; (a), (c) and the central barrier width L, (b), (d). We found that those structural

parameters shift the energy and magnitude of the optical properties.

(B =120T), and also increases slightly in its magnitude. In
3(b), turning off the magnetic field, and considering the
electric field effect it can be seen a more pronounced blue-
shift with a significant decrease in the AC magnitude, for
instance for F = 0 the AC resonant peak is at 13.5 meV with
an amplitude of 410cm ™!, when F = 25kVcem ' the AC
energy is 27meV and finally when F = 50kVcm ' the
resonant peak is at 499 meV but with a 60% decrease in
magnitude. The same general behavior holds for the relative
RIC reported in figures 3(a) and (b) a light blue-shift of the
node for the magnetic field and the more important node blue-
shift for the applied electric field case. We compared our
results with the available data reported in the literature, for
instance in [14] they reported an intersubband optical
absorption coefficient for a double QW structure, with com-
parable dimensions to our system, with resonant peak around
30 um (about 40 meV), our results (see figure 3(b)) are in
good agreement with the above-mentioned reference.
Finally, in figure 4 we reported the effect of the non-
resonant ILF through the laser dressing parameter «y with
values of 0, 25 and 50 10\, considering fixed values for the
step-like potential barrier V; = V,/4 and for the central bar-
rier width (L.,) of 25 A without any applied electromagnetic
field. In general we found that, as the value of oy increases,
the total AC (8" (w, D) experiences a blue-shift, and its
amplitude also increases. For instance, when oy = O the total

AC has a magnitude of about 400 cm™ ' and the resonant peak
is located about 15 meV. When the value of oy = 25 A the
resonant peak is now about 20meV and its amplitude
increases almost 50%. And for a value of oy = 50 A the total
AC peak is about 55 meV and its amplitude increases almost
110%, with respect to the non applied intense laser (o = 0),
reaching about 880 cm ™' in its maximum. In the case of the
computed total relative RIC (An"(w, I)/n,), as the laser
dressing parameter increases, the nodes of this are blue-shif-
ted and its amplitude diminishes, as reported in figure 4(b).
The total relative RIC diminishes almost 50% for ag = 50 A,
compared with non-applied ILF effect (o = 0). All the
previous discussion could be of great importance for possible
applications as photodetectors or, when the asymmetry
increases by electric fields, this particular heterostructure
could be considered as an active region for QCL, as discussed
in the introduction section.

4. Conclusions

In this paper we computed the AC and the relative RIC
considering the third order correction for a symmetric two-
step GaAs/Ga;_ AlLAs QW. The system was subjected to
the presence of a constant electric field along the growth
direction z, to an in-plane (x-directed) constant magnetic field
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B and also to the effect a non-resonant ILF characterized by
the laser-dressing parameter «. The results show that when
the values of the step-like potential profile and the central
barrier width increase, the AC and the relative RIC undergo a

small blue-shift and

a red-shift, respectively, and their mag-

nitude decreases by approximately 10%. We have a blue-shift

in the optical properties as the electric and magnetic field
values both rise. Also, the magnitude of the AC and relative

RIC increases and diminishes, respectively, as the magnetic
field increases. The magnitude of both optical properties
decreases as the values of the electric field increase. For the
non-resonant ILF, the AC and the relative RIC experiment a
more meaningful blue-shift and the magnitude -increases
about almost 110% by the AC- and decreases the index
change about 50%, relatively to the absence of the ILF. In
general, we found that the studied optical properties can be
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tuned by system parameters or applying external factors, as
discussed here.
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