Eur. Phys. J. B (2015) 88: 115
DOI: 10.1140/epjb/e2015-60021-x

Regular Article

THE EUROPEAN
PHYSICAL JOURNAL B

Electron-related optical properties in T-shaped Al,Ga;_,As/GaAs

quantum wires and dots

J.C. Martinez-Orozco™??®, M.E. Mora-Ramos®, and C.A. Duque?

! Unidad Académica de Fisica, Universidad Auténoma de Zacatecas, Calzada Solidaridad esquina con Paseo la Bufa S /N,

98060 Zacatecas, Mexico

2 @Grupo de Materia Condensada-UdeA, Instituto de Fisica, Facultad de Ciencias Exactas y Naturales, Universidad de Antioquia

UdeA, Calle 70 No. 52-21, Medellin, Colombia

3 Centro de Investigacién en Ciencias, Instituto de Investigacién en Ciencias Bésicas y Aplicadas, Universidad Auténoma del
Estado de Morelos, Av. Universidad 1001, 62209 Cuernavaca, Mexico

Received 8 January 2015 / Received in final form 28 March 2015
Published online 7 May 2015 — © EDP Sciences, Societa Italiana di Fisica, Springer-Verlag 2015

Abstract. The electronic structure and the intersubband optical absorption and relative refractive index
change coefficients in T-shaped two-dimensional quantum dot and one-dimensional quantum wire are
studied. The T-shaped quantum dot is embedded in Al,Gaj;_,As, with = 0.35, the arm region has
x = 0 whereas different values of the Al molar fraction are present for the T-stem region (z = 0, 0.7,
0.14, and 0.21). The model calculation is useful for studying both a 1D quantum wire of T-shaped cross-
section and a 2D T-shaped quantum dot. The conduction and valence band states are described within the
effective mass and parabolic band approximations. The agreement between calculated photoluminescence
peak energy transitions and previously reported experimental values in such T-shaped quantum well wires
is discussed. The electron-related optical coefficients are calculated using a density-matrix expansion with
the inclusion of the linear and third-order nonlinear contributions to the dielectric susceptibility. The results
for this optical response are presented as functions of the Al molar fraction, as well as of the polarization,

and intensity of the incident light.

1 Introduction

Quantum confinement can be understood as the change
in the electronic and optical properties of a system when
it extends over a reduced-size region — usually a few tens
of nanometers. Therefore, its essentials would depend not
only on the dimensions but also on the geometric shape
of the system. Arguably, among the seminal works in one-
dimensional quantum carrier confinement, the article by
Esaki and Tsu is one of the hallmarks [1]. Nowadays, the
modern semiconductor experimental growth techniques
allow for obtaining not only one dimensional quantum
confining potential profiles, but also two- and even three-
dimensional quantum confinement systems [2]. A partic-
ular example of one-dimensional (1D) quantum confined
system is the charged carrier gas in a quantum well wire
(QWW), which exhibits quantum confinement for its mo-
tion in the transversal region provided its dimensions are
small enough, and free displacement along the axial wire
direction [3]. As a consequence, this kind of structures are
named as quasi-one-dimensional.

Quantum dots (QDs) are the archetype of quasi-zero-
dimensional carrier systems. In these systems, quantum
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confinement prevents from free-like motion along any of
the spatial directions. Therefore, the energy spectrum will
be quantized and labeled by a set of three discrete quan-
tum numbers [3]. However, if the conditions of fabrication
make possible to highly reduce the dot’s size along one of
the directions — say z one — the influence of the confine-
ment along it will be of much less importance, compared
with that in-plane. One just needs to remember that for
a sufficiently shallow one-dimensional potential well there
will be only a single confined energy level. So, inter-level
energy transitions would not be present for the — uncou-
pled — motion along the narrowest direction of the system
and this can be considered as a two-dimensional quantum
dot (2DQD).

Among the works devoted to the study of 2DQDs we
can mention a number that deal with different symmetries.
For example, in reference [4] the authors study a rectangu-
lar 2DQD. There, they reported the calculation of bound
energy levels by using the transfer matrix method. More
complex 2D geometries were considered by Ezaki et al. [5]
in the study of the electronic properties of circular, el-
liptic, and triangular QD by means of a diagonalization
procedure. Tiutiunnyk et al. [6] calculated the electronic
structure as well as the intersubband optical properties
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for a triangular 2DQD. Along the same line, Martinez-
Orozco et al. investigated the case of two coupled triangu-
lar 2DQDs, under the influence of a static electric field [7].
We can also mention a work in a parabolic 2DQD under
the influence of external electric and magnetic fields as
well as under hydrostatic pressure effects [8].

Here, we are interested in obtaining the electronic
structure in Al,Ga;_,As/GaAs T-shaped heterostruc-
tures that show 2D confinement of charge carriers. This
kind of profile is seen in QWW structures as those grown
by Takahashi and collaborators [9]. In fact, this kind of
structures was originally proposed by Chang et al. [10]
in a report where the authors presented the energy level
structure as a function of the quantum well thickness
and proposed that such a system can be used to enhance
exciton binding energies and optical properties by aug-
menting the oscillator strengths. Experimental reports on
highly-confined T-shaped QWWs [11], and the analysis
of carrier wavefunctions by magnetophotoluminescence in
QWWs [12], were also published more than fifteen years
ago. Also from the experimental point of view, there are
several recent reports on this kind of T-shaped struc-
tures [13-15]. In particular, the work of reference [16]
measures the low temperature photoluminescence as well
as the temperature-dependent photoluminescence spectra
for T-shaped dilute nitride quantum wires, in order to in-
vestigate their optical properties.

In the work, we are reporting the intersubband optical
absorption coefficient as well as the relative refractive in-
dex change in T-shaped 2DQD. We have also calculated
the photoluminescence peak energy transition in T-shaped
QWW finding fairly good agreement with previously re-
ported experimental results. The paper is organized as
follows: Section 2 briefly presents the description of the
theoretical model. In Section 3 one finds the correspond-
ing results and discussion. Finally, Section 4 contains the
main conclusions of the study.

2 Theoretical aspects

In this work we consider a T-shaped Al,Ga;_,As/GaAs
structure which actually constitutes a 2DQD system [17].
Within the framework of the effective mass and parabolic
band approximations, we have a conduction band electron
with an effective mass m*, confined within the T-shaped
2DQD. According with the experimental configuration re-
ported by Takahashi et al. [9], we are considering the fol-
lowing potential profile:

Vo, if (x,y) ¢ the T region,

V(x,y) = Vi, if (z,y) € the T-stem region, (1)

0, if (z,y) € the T-arm region.

This T-shaped 2DQD geometry is schematically depicted
in Figure 1. It has an horizontal rectangular region — which
corresponds to the T-arm region — made of GaAs of dimen-
sions W,-W, and a T-stem region of Al,Ga;_,As semi-
conductor compound of dimensions Wj,-W,,. In the present
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Fig. 1. Pictorial view of the potential profile for a T-shaped
2DQD of Al,Gai—oAs/GaAs. The V; region has an Al con-
centration x = 0.35, and the T-stem region, of width W}, and
height W, may have several smaller values of z. Finally the T-
arm region, of height W, and width W, is considered as made
of GaAs. The dimensions of the structure have been taken from
reference [9].

work, the values of W, and W}, are taken from the ex-
perimental growth parameters reported in reference [9].
The T-shaped 2DQD is localized inside a rectangular re-
gion of Al,Gaj_,As where the confinement potential is
V(z,y) = Vb. The confinement potential outside the rect-
angular region L, x L, is considered to be infinite. Calcu-
lation of confined states in the x —y-plane proceeds equally
for both the QWW and QD cases. For symmetry reasons,
the description of conduction band states in this 2D T-
shaped structure is made using the Cartesian coordinate
system. So that the 2D Hamiltonian will be:

H=—
2m*

n* [ o2 0?

[8:102 + 8y2} +Vi(x,y). (2)
To solve the Schrodinger equation (2), we perform a di-
agonalization process that implies the expansion of the
allowed quantum states over a complete set of orthonor-
mal sinusoidal basis functions, arising from the solution of
a 2D rectangular infinite potential well of sides L, x L,.
That is:

2 mm mm
(z,9) VL. L Z i S1n<Lm x+ 9 )

Y mmn
X sin (z:y—l— n27r)7 (3)

where m = 1,2,... and n = 1,2,... This proposal turns
the problem of solving the differential equation into find-
ing the eigensystem of an infinite Hamiltonian matrix. For
practical purposes in our calculation we have considered
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225 terms in the expansion, which ensures a fairly good
level of convergence for both the electron and heavy hole
states.

With the information on both the electron and heavy
hole energy states, calculated by means of the above dis-
cussed procedure, it becomes possible to determine the ex-
citon photoluminescence peak energy transition. We can
evaluate it from the expression Epr, = Eqgap + E§ + E(’}
—E3, where Egap is the GaAs energy bangap, and E§
and E! are the confined single particle ground state en-
ergies of the electron and heavy hole, respectively. In this
sense, the calculation of heavy hole states follows the same
procedure used for electrons with the appropriate changes
in the effective mass and in the confinement potential. The
term E5 corresponds to the exciton binding energy, which
is mainly associated to the Coulomb correlation between
the electron and heavy-hole carriers: [Vo = —e?/(g,. 7)),
where e is the electron charge, ¢ is the GaAs static dielec-
tric constant, and r represents the electron-hole distance.
In order to find the exciton binding energy, in the present
work we use a variational procedure by using a hydrogenic
trial wave function given by:

ph o | Mo |?
[(Ero — hw)? + (h110)?]?

Ho
EQEr

o (w, 1) = —w 64\/

é(weayevxhvyhvpha Z) = NWS(UCe»ye) Wéb(xhayh)
X exp(—Ar),

(4)

where N is the normalization constant,

r=[(@e —2n)? + (e —yn)? + 222,

and X is the variational parameter. Here (x.,y.) and
(xn,yn) are the electron and hole coordinates on the
transversal section of the QWW and z is the relative
coordinate along the growth direction. ¥§(z.,y.) and
Wl (xp,ypn) are the ground state for the uncorrelated elec-
tron and hole carriers, respectively, associated with the
corresponding Hamiltonian in equation (2). For details
about the variational procedure to obtain the exciton
binding energy in QWW, see for example [18-21].

The knowledge of the electronic structure also allows
to calculate different elements of the optical response of
the system when there is an incidental radiation of a given
intensity and frequency. Among these quantities we have
the electron-related optical absorption coefficient as well
as the electron-related relative refraction index change.
According to references [22,23], for small enough values of
the incident light intensity (I), it is possible to use a pro-
cedure of solving the Von Neumann’s equation for density
matrix p based on a multi-order expansion. This allows
to obtain expressions for first and third order electron-
related optical absorption coefficient contributions; the
latter one accounting for a nonlinear response. Accord-
ingly, the first order intersubband optical absorption co-
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b o

— Moo|?[3 Efo—4 Erohw+h* (w? —TI'h)]

|2 M
Efy + (hT0)?

{4|M10

efficient is given by:

aM(w) =we? \/ po
EoEr

whilst the third-order correction, due to radiation field —
usually a laser one — effects of intensity I, is:

ph g |Mio|?

[(Elo — hw)? + (thV} ; (5)

see equation (6) above.

So, the total absorption coefficient will be the sum of both
linear and nonlinear ones. By following the same kind of
approach it is straightforward to derive the coefficient of
electron-related relative refractive index change for the
system, this time working with the real part of the dielec-
tric susceptibility. The linear contribution is then given by:

AnM(w)

e? p|Myo)?
2n2€0

E10 —hw

(El() — hw)2 + (hl—‘lo)Q7 (7)

n

whereas the third-order correction is given by:

AnB)(w, 1) pet |Myf? el o
n a dndeq  [(Ero — hw)? + (h110)%]?
(My1 — Moo)?

x |4(E1g — hw)|Mio|? —
(Ero 1Mol Efy + (1 To)?

X {(Elo — hw)[Elo(Elo — hw) - (hFIO)Q]

— (hI10)*(2E10 — hw)} |. (8)

Once again, the total relative change of the electron-
related refractive index is obtained from the sum of these
two contributions.

In the former equations, F1g = E{ — Ef is the funda-
mental transition energy difference between allowed inter-
subband states, o the magnetic permeability of vacuum,
o the free-space dielectric permittivity, and c is the speed
of light in vacuum. The quantity 3¢ is the damping rate
associated to the electron transition, which is equal to the
inverse of the electron transition lifetime (I'tg = 1/T40).
On the other hand, n = /e, is the refractive index of the
material in the active region of the structure.

A paramount parameter in these expressions is the
dipole matrix element My}, defined as:

M = (05, )| (2, ), (9)
being ¥ (z,y) and ¥§(z, y) the initial and final state wave-
function, respectively. In this expression w = z,y repre-
sents the polarization of the incident light. In our study,
the radiation can be considered z- or y-polarized. Here we
must stress that, depending on the light polarization as
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well as on the symmetry of the electronic wavefunctions,
these matrix elements [M}}| would vanish or remain fi-
nite, thus giving rise to particular selection rules for the
electron-related optical response, as a function of the T-
stem region alloy concentration, as we will discuss in the
next section.

3 Results and discussion

The results presented below are the outcome of a
calculating procedure that considers a fixed geomet-
ric configuration, which coincides with that reported
experimentally [9]. Clearly, the variation of the different
lengths involved in the T-shaped region would also lead
to additional dependencies of the calculated optical prop-
erties; but such an aspect, together with the possible in-
fluence of external probes, could be the subject of another
work.

In our numerical computation we are considering an
electron effective mass of m* = 0.067mg (where my is the
free electron mass) and the relative dielectric constant of
g = 12.5. In our model we have a GaAs T-arm QW of
width W, = 40 nm and height of W,, = 6 nm, for the
rectangular T-stem QW region, of Al,Ga;_,As, of width
Wj, = 14.15 nm and height of W,, = 14 nm (see Fig. 1),
assuming the possibility of varying the Al molar fraction x,
as it was mentioned above. The whole T-shaped 2DQD
is embedded within a region of Alys5Gag.gsAs. The Al-
dependent potential barrier height for electrons is given
by V(z) = 0.6 (1155 = + 370 2?) in such a way that its
height outside the T-region — denoted as Vj in Figure 1 —,
is of 270 meV. The potential barrier in the T-stem region
obviously depends on the Al concentration. W, and W,
have been chosen large enough in order to guarantee the
convergence for the first 10 bound states.

With respect to the calculation of the optical co-
efficients, the input parameters taken into account for
this system are: a transition relaxation time of Tj9 =
0.2x 10712 s and an electron density of p = 3.8 x 102 m~3.
Here we must stress that this electron density corresponds
to the situation of two electrons in the ground state — each
one with different spin projection — distributed in a rect-
angular area of L, x L, and a height of 10 nm in this
quasi-2DQW structure. Finally the laser intensity is vary-
ing from I = 0.1 to 0.3 MW /cm?.

In Figure 2 we present the energy levels for the low-
est six electron states in the T-shaped 2DQD when the
Al concentration of the T-stem region goes from zero up
to 0.25. For example when « = 0 we can report energies
of E§ = 27, Ef = 58, E§ = 72, E§ = 90, Ef = 96, and
E§ = 113 meV. Then, as the Al concentration rises, all
the energy levels start to evolve towards higher values due
to increment in the degree of electron confinement. Due
to the two-dimensional nature of the carrier motion and
the different rates of state variations, one may notice that
the excited energy levels experience a set of anti-crossings
when the Al fraction is below x = 0.2. Above that value
all energies show a very smooth increasing monotony. The
anti-crossing effect can be readily noticed when observing
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Fig. 2. Electron energy levels for the T-shaped 2DQD. Here
are presented the energy levels as a function of the aluminium
concentration in the T-stem region. It can clearly be observed
several anti-crossing for the excited states until an aluminium
concentration of 0.25.

the symmetry exchanges of the electron wavefunctions in
the density plots that correspond to the four lowest con-
fined states in Figure 3. It is also possible to observe that
an increase of the Al contents above 0.15 almost leads to
a complete confinement of these states within the T-arm
region of the structure. This justifies the idea of its use as
a kind of quantum well wire if the system would extend
along the z-direction [16].

In order to compare our methodology with the avail-
able experimental data [9], in Figure 4 we give the cal-
culated PL-peak energy, as a function of the Al concen-
tration in the T-stem region. This curve corresponds to
a transition from the ground state for the heavy holes
E} (considering an effective mass of m} = 0.34mg and a
band-offset of 40%) and the ground state for the electrons
(the energy level structure for heavy-holes appear plotted
in the inset of Fig. 4). In this analysis we have set the
values T' = 5 K, for the temperature, whereas the energy
bandgap of GaAs is Egap = 1519 meV. In their experi-
mental results, the authors reported that for an aluminium
concentration z = 0.07 and 7' = 5 K there is a PL peak
energy between 1581.7 and 1583.3 meV. Our theoretical
results, represented by the black line, show the intersects
with the absorption energy peak (blue line) when the alu-
minium concentration goes from z = 0.0668 to = 0.0728
(see the two vertical red lines). Notice the good agreement
between the theoretical and experimental findings.

A second round of comparisons with reports on
PL measurements, this time for Al,Ga;_,As T-shaped
QWWs of different sizes and compositions, is presented
in Figure 5. Our results are compared with the reports
by Soneya et al. [12] (lines I and II in the graphics) and
Gislason et al. [11] (line III in the graphics). In order to
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Fig. 3. Density plot of the wave function for the lowest four
confined electron states in a T-shaped 2DQD. Each column
corresponds to different values of the T-stem region aluminium
concentration x. From left to right the values of = are 0, 0.07,
0.14, and 0.21.
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Fig. 4. Main photoluminescence peak energy transition (Fpr)
as a function of the T-stem region aluminium concentration. In
the inset, we plot the variation of the heavy-hole energies for
the ground (E¥) and first (EY) excited levels. The horizontal
blue line (which width is 1.6 meV) represents the experimental
finding by Takahashi et al. for z = 0.07 [9].

achieve coincidence, in I and IT we have used 576 states in
the expansion base (both for electrons and holes), whereas
for the III case 625 states have been considered (both for
electrons and holes) to reach the convergence of the cal-
culations (changes in the PL-peak less than 0.1 meV).
The binding energies found for the structures I and II
(11.8 meV and 17.9 meV, respectively, after the implemen-
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Fig. 5. Photoluminescence energy transitions in T-shaped
quantum well wires. The solid lines correspond to experimental
findings by Someya et al. [12] (lines I and II) and from Gislason
et al. [11] (line III). In all cases the T-structure is surrounded
by Alp.3Gagp.7As. In each case the T-structure is depicted with
information of the aluminium contents and the sizes of the
two wells. Also, for each case, the solid symbols correspond to
our theoretical findings of the photoluminescence peak energy
transition.

tation of the variational calculation) are close to the re-
sults reported by Brown and Spector [21] and by Villamil
et al. [24] in QWWs of circular cross-section. To make
this particular comparison we have calculated an effective
radius, corresponding to the region where the electron-
hole pair is confined within the T-structure. Since the hole
wavefunction is always more confined than the electronic
one, we have assumed that there is at least a guarantee
of 95% of electron confinement. By comparing the bind-
ing energy results of Figures 51 and 5II, it is possible to
observe that E} grows as a result of the increment in the
T-arm size. This is consistent with the phenomenon of
a greater localization of the electron wavefunction within
the internal part of the heterostructure, widely observed
in strongly confined systems.

Going over the analysis of Figure 5III, in which the
T-arm region has a much smaller size than the ones of the
structures I and II, one notices that there is an additional
confining effect due to the presence of a nonzero Al concen-
tration in the T-stem region. Thus, we notice a significant
increment in the binding energy (46.3 meV, arising from
the variational) since the system tends to mimic that of
an exciton confined within a QWW of rectangular cross
section. In this case, our results are in close coincidence
with those obtained by Degani and Hipdlito [25]. Here,
we have followed the same approach above mentioned to
find the effective dimensions of the region within which
the exciton is confined.

At this point, we have to mention that a truly realis-
tic situation must take into account that the T-shaped
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structures are usually grown considering three distinct
crystal symmetry directions. That is, [001] for the z-axis,
[110] for the y-direction, and [110] for the z-direction.
Therefore, a more suitable calculation of the allowed en-
ergies should consider the anisotropy of the hole effective
mass, and including the corresponding tensor components
in the kinetic energy part of the Hamiltonian. Our pro-
cedure has been carried out assuming spherically sym-
metric masses. In addition, the approximation used sets
the carrier masses as equal to the GaAs ones, throughout
the whole structure (well and barrier potential regions).
Such assumption is mostly correct when the dimensions
of the structure are of the order of the exciton Bohr ra-
dius (11.7 nm in the GaAs by considering the electron-hole
reduced mass to define the effective Bohr radius). How-
ever, in structures like the case III, the approximation is
not good enough because the wavefunctions start having
important contributions in the barrier regions. These ele-
ments are the possible restrictions to our estimation.

From now on we will restrain to take into account the
properties of the ground and first electron excited state
wavefunctions, since we are interested in the optical prop-
erties related to the main energy transition. If we go back
to observe the corresponding — second and third — figure
lines in Figure 3, it is readily apparent that both in the
zero Al case and those of finite values of x, the ground and
first excited state differ in symmetry with respect to ei-
ther the horizontal (in the case of = 0, there is a change
in wavefunction sign of the first excited state when the
vertical coordinate crosses a horizontal line at approxi-
mately the middle of the stem) or vertical directions (in
the nonzero Al composition cases, the ground state wave-
functions are symmetrical with respect to the vertical line
in the middle of the T-arm, whilst the first excite state
wavefunctions are asymmetrical). All this has much to do
with the optical response, under the conditions of a par-
ticular incident light polarization. To observe this in a
more clear way, we are plotting in Figure 6 the magni-
tude of the diagonal and off-diagonal dipole moment ma-
trix elements corresponding to intra- and inter-level tran-
sitions involving the Ey and E; electron states. Both the
a-polarization (Fig. 6a) and the y-polarization (Fig. 6b)
of the incoming radiation have been considered. The re-
sults for the x-polarization are a complete consequence of
the state symmetry in the problem. That is, the diagonal
dipole moment matrix elements are zero throughout the
entire range of Al concentration depicted due to the odd
character of the integrand. The same phenomenon takes
place in the case of the off-diagonal element while the Al
molar fraction value lies below the anti-crossing point (see
Fig. 3). Once the first excited state changes its symmetry
for x > 0.043, the value of the element |M7| departs from
Zero.

In the situation of the incident light being linearly po-
larized along the y-direction, one finds a different con-
text. Now the diagonal dipole moment matrix elements are
practically nonzero throughout the considered interval of
aluminium contents values. One notices a sharp increase
of the |M{|| and a sharp decrease of |M{,| taking place
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Fig. 6. Magnitude of the dipole matrix elements |M};| as a
function of the aluminium concentration in the T-stem region
for: (a) x-polarized and (b) y-polarized incident light.

at the anti-crossing (when x = 0.043). All this, as it was
above discussed is a consequence of the related features of
the state wavefunction symmetries. With this information
it is possible to discuss the results of the calculation of the
electron-related optical coefficients considered.

In Figure 7a we present the linear, third-order non-
linear and total absorption coefficient in the case of
y-polarized incident laser radiation of intensity I =
0.1 MW /cm? for three different values for the Al con-
centration in the T-stem region: x = 0, 0.02, and 0.04
(we need to keep in mind that for this particular polar-
ization there will not be this kind of optical responses for
x > 0.043, see the zero value of |Mj| in Fig. 6b for this
region of Al concentrations). We can observe that as the
Al concentration z rises, the magnitude of the absorption
coefficient diminishes, as it is clear from Figure 6b, and
that the resonant peak initially experiences a slight red-
shift, with respect to the case of x = 0, for an aluminium
concentration of 0.02 and then it experiments a blueshift
for an aluminium concentration of 0.04. This can be ac-
counted by observing the variation of the ground and first
excited states depicted in Figure 2. In Figure 7b we have
fixed the aluminium concentration in £ = 0 and presented
the effect of the increment in the incident laser intensity I
for the values on the picture. As expected, the increase in
photon intensity leads to the enhancement of the nonlin-
ear contribution and, therefore, to a reduction of the total
absorption response. However, we should remark that the
features of ayotq; in Figure 7b, obtained for the higher
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Fig. 7. Linear (solid line), third order correction (dashed
line) and total absorption coefficient (point-dashed line) in the
case of y-polarized incident light. In (a) the results are for
I = 0.1 MW/cm? with several values of the Al concentration
in the T-stem region: = 0 (black line), 0.02 (red line), and
0.04 (blue line). In (b) we fixed the aluminium concentration
x = 0 and several values of the laser intensity have been con-
sidered: T = 0.1 MW /cm? (black line), 0.2 MW /cm? (red line),
and 0.3 MW /cm? (blue line).

values of I, reveal the known nonphysical — in this par-
ticular case — phenomenon of absorption bleaching which
is nothing but the consequence of extending a perturba-
tive treatment to a situation in which it is no longer cor-
rect [26]. Nonetheless, by observing the results depicted
in Figure 7a, one can conclude that the appearance of the
bleaching effect at a given value of I also depends on the
Al molar fraction in the T-stem region.

In Figure 8 we present the absorption coefficient for
three different values of the aluminium concentration. As
seen above, there is not any optical response of the kind
considered when we have z-polarized incident light for
concentrations z < 0.043, so here we have chosen to
show the outcome for z = 0.06, 0.08, and, 0.10. In this
case we have found a redshift as the aluminium con-
centration rises, which can easily be explained by the
energy level structure reported in Figure 2, in particu-
lar for concentration values above the anti-crossing one.
Here we also observe a slight increment in the absorp-
tion coefficient resonant peak maximum that is directly
related with the increase of |M{;| (see Fig. 6a). Finally,
in Figure 8b we plot the total absorption coefficient for
zero Al concentration by considering laser field intensities
of 0.10 MW /cm? (black point-dashed line), 0.15 MW /cm?
(red point-dashed line) and, 0.20 MW /cm? (blue point-
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Fig. 8. Linear (solid line), third order correction (dashed line)
and total absorption coefficient (point-dashed line) in the case
of z-polarization. In (a) the results are for I = 0.1 MW /cm?
with several values of the aluminium concentration in the T-
stem region: 0.06 (black line), 0.08 (red line), and 0.10 (blue
line). In (b) we have an aluminium concentration of z = 0.06 in
the T-stem region and present the total absorption coefficient
for several values of the laser intensity: 0.10 MW /em? (black
line), 0.15 MW /em? (red line), and 0.20 MW /ecm? (blue line).

dashed line). In this figure we also plot the correspond-
ing third-order corrections (dashed lines) and the lin-
ear absorption coefficient by a continuous black line as
a reference.

Finally Figure 9 contains the corresponding relative
refractive index change for (a) y-polarized incident light
and (b) the x-polarized case, with I = 0.3 MW /cm?.
In the former case we compute this for the same set of
aluminium concentrations used in the absorption coeffi-
cient computation: 0 (black line), 0.02 (red line) and 0.04
(blue line). Here we can easyly observe that the nodes
for these properties correspond to the resonant peaks of
the absorption coefficient and that the maximum (min-
imum) of the relative refractive index change is mainly
modulated, as expected, by the magnitude of |M{;|. One
also finds that third order correction is relatively small.
On the other hand, in Figure 9b, the relative refractive
index change is presented by considering a z-polarized in-
cident light, for the same set of parameters as in the pre-
vious absorption coefficient computations. Provided the
properties of the transition energy and the dipole moment
matrix elements we find an analogous behavior. That is,
we observe a redshift of the signal as well as a slight in-
crement in its amplitude as we consider larger aluminium
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Fig. 9. Linear (solid line), third order correction (dashed line)
and total relative refractive index change (point-dashed line)
in the case of: (a) y-polarized light by considering three val-
ues of the Al concentrations in the T-stem region: x = 0,
0.02, and 0.04. In (b) we present this physical optical prop-
erty but for aluminium concentrations of 0.06, 0.08, and 0.10
and z-polarization. In both plots the incident laser intensity is
I =0.3 MW /cm?.

concentrations. Lastly we must stress that, in this case, the
third-order correction is more important compared with
the y-polarization configuration.

4 Conclusions

In this work we have addressed the investigation of the
intersubband optical response in a Al,Ga;_,As/GaAs T-
shaped 2DQD by calculating the absorption coefficient
and the relative refractive index change. The various con-
figurations considered differ in the value of aluminium con-
centration in the region that constitutes the stem of the
T-like structure. It is shown that the amount of Al in this
part of the system conditions the symmetry of the ground
and first excited states wavefunctions and, therefore, the
vanishing or non-vanishing of the optical coefficients de-
pending on the orientation of in-plane linear light polar-
ization. Augmenting the Al molar fraction within a rather
small range of values reveals a redshift of the optical co-
efficients.

We have also carried out the calculation of the photolu-
minescence peak energy transition and compared the the-
oretical outcome with a previously reported experimental

Eur. Phys. J. B (2015) 88: 115

value of this quantity in T-shaped QWW, finding a satis-
factory agreement.
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