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The laser field effects on the electronic and optical properties depending on two different positions in the plane
of GaAs/Al (GaAs) quantum wire with square cross sections have been investigated. The electron energy levels and
the electronic wave functions of the wires are calculated using the finite differences method within the effective mass
approximation. The differences of the total absorption coefficients and the reflection index changes sourced from
the cross-sectional shape were determined and explained with and without laser field. From the results the blue shift
and red shift effects on the total absorption coefficients and the reflection index changes were identified depending
on the laser field strength and the positions of square GaAs/Al(GaAs) quantum well wire in the plane.
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1. Introduction

Low-dimensional electronic devices such as photo
detectors, electro-optical modulators, and far-infrared
laser amplifiers are pioneering products of advanced
semiconductor technologies. Studies on the electronic
and optical properties of these quantum structures
have consequently become an essential branch of the
concerning research as a lot of work have been de-
voted to the determination of the transition energies,
the absorption coefficients, and the refraction index
changes [1-10]. It has been shown that the potential
profile of structure strongly affects the linear and non-
linear optical absorption coefficients [1-3]. The role
of external electric field on the electron location and
the potential profile change created by a laser field
was the subject of the coaxial wire research [3-7].
The wire containing parabolic and semi-parabolic quan-
tum wells exhibits the properties that the variations of
the resonance peaks increases with the increasing laser
strength as they are shifted to lower energies [3-4].
In conjunction with the electric field, the width of
the quantum well in the structure has been found to be
a very effective parameter on the refractive index and ab-
sorption coeflicients [4]. The photon energies of the total
absorption coeflicients exhibit the red shift as the hy-
drostatic pressure is increased while the blue shift is ob-
served if the temperature is increased [5, 6]. The radius of
the dot, the incident optical intensity, the stoichiometric
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ratio of the constituent elements, and whether the dot
is doped with the impurity or not have been proved to
be characterizing parameters on the linear and the non-
linear 1s—1p, 1p—1d, and 1d—1f transitions in a spherical
quantum dot [8, 9]. The photon energies of the optical
absorption coefficients showed blue shift with the increas-
ing diameters of the gold nano particle for the hybrid
structure in which the metallic nano-particle was coupled
with a multilayered quantum dot [10].

Quantum wires, which can be described as two-
dimensional quantum confinement of the electrons, are
a class of low-dimensional structures and the determina-
tion of their optical properties are essentially achieved
through the calculations of the allowed transition ener-
gies beforehand. The research on the optical proper-
ties of the quantum wires can be sampled as follows.
The electronic states of different cross-sectional shaped
quantum wires, namely the square, the circular, and
the hexagonal cross-sectional wires, were calculated us-
ing Arnoldi algorithm and the finite differences method
and it was shown that the energy levels are determined
by the cross-sectional area of the wires [11, 12]. Similarly,
the infrared transition of an impurity atom in the cylin-
drical GaAs—Gag gAlp.4As quantum well wires under an
external magnetic field were shown to be depending upon
geometrical confinement of the wire [13]. It was proved
that the conductive subband structure of wire exhibits
the blue shift effect by non-resonant transverse laser
field [14].

The finite differences method was once again used to
calculate the energy levels and the wave functions in
a cylindrical quantum well wire under the high inten-
sity laser field, which deforms the wire potential and
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causes anisotropic linear and nonlinear absorptions of
light propagating in the z—y plane [15]. The influence
of the tilted angle which was defined as the angle be-
tween the laser field polarization direction and the cylin-
drical quantum well wire axis has been found to cause
the complete deformation of the cylindrical symmetry of
the quantum confinement potential and breaking down
the degeneracy of the electronic states [16]. The opti-
cal absorption coefficients and refractive index changes
in a two-dimensional system are strongly controlled with
the incident optical intensity and the carrier density of
a two-dimensional system [17].

Dugque et al. have presented the results of the linear and
nonlinear optical absorption and relative refractive index
change associated with 1s — 2p transitions between im-
purity states in triangular cross-sectioned quantum-—well
wires for both the x-polarization and y-polarization of
the indicent light. In these structures, the calculations
showed a mixed effect of red shift and blue shift depend-
ing on the location of the donor atom [18]. The magnetic
field effect on the third harmonic generation in quantum
well wires with triangular cross-section has been studied
by Niculescu et al. They found that an axial orientation
of the field allows the third harmonic generation and the
third-order nonlinear susceptibility strongly depends on
the polarization of the incident light [19]. The laser field
effects on the intersubband optical absorption and the
refractive index changes in GaAs/AlGaAs quantum wire
with equilateral triangle cross section have also been in-
vestigated. The subband states were calculated by using
a finite element method. It‘ has been found that the laser
field allows an efficient red shift tuning of the z-polarized
light absorption at high values of laser parameter and
a blue shift tuning of the y-polarized light absorption for
lower values of the laser intensity [20].

Pimenta et al. have published an article dealing with
linear and nonlinear optical properties of single polytypic
GaAs nanowires. They emphasized the importance to the
crystallography of nanowires in optical properties [21].
In literature, studies on optic properties of cylindrical
and triangle cross section quantum wires are seen, but
electronic properties of ground state in the square cross
section quantum wires are generally investigated under
external fields [22-27]. It has been observed that the
binding energy and the optical transition of the exciton
are dependent on the sizes of the rectangular quantum
well wire under intense laser field and magnetic field [28].

The first time scope, to the best of our knowledge,
of the present study is to investigate the electronic
and optical properties for two different positions of a
square GaAs/Al(GaAs) quantum well wire (SQW) with
the laser polarization direction. The structure of work
is as follows: Sect. 2 describes the theoretical model.
The influence of the laser field on an electron in two dif-
ferent SQW are investigated, and the total absorption co-
efficients and the refractive index changes are presented
in Sect. 3. Finally, Sect. 4 contains the summarized of
the results of the study.

2. Theory

Let us consider a square cross-sectioned quantum
well wire basically formed by GaAs rod on the z-axis
enveloped by an Al (GaAs) layer. We named two dif-
ferent positions of the SQW with the laser polarization
direction as if they are different positions of the SQWs.
They are SQWx0 and SQWx45, where z is the laser
polarization direction as 0 and 45 the angle between
the z-axis of the wire and the laser polarization.
The time-dependent Schrédinger equation, in the
effective-mass approximation, can be written as [20]:

{2;* [pL +eA) +V (a, y)} Y (z,y,t) =

i (2,1 (1)

where p, is the momentum of the electron on the (z,y)
plane, m* is the effective mass of the electron, e is
the electron charge when the laser field is off, the con-
finement potential V(z,y) in Eq. (1) is given by

V(aj?y):VS(xay): (2)

0, if (z,y) € {(z.y) € B|lo] < &yl < £}
Vo, otherwise

for the SQWx0, and

0, if (v,9) € {(w,9) € B|Jo| + 1yl < L}
Vo, otherwise ’

for the SQWx45 Vp in Egs. (2) and (3) is the conduction
band offset between GaAs and Al (GaAs). The laser
vector potential is given as A(t) = &Agcos(wt),
Z being the unit vector along the z-axis. By applying
the time-dependent translation @ — x + «p sin(wt) and
performing the unitary Kramers-Henneberger transfor-
mation [20, 29-37], Eq. (1) can be rewritten as

PL o }~ 0 -
t =ih— 4
{oe + 7 @ w0}t = ihgd v @)
where V (z,y,t) is the laser-dressed confinement
potential. In the high-frequency limit [30], the time-

independent Schrédinger equation is

[_ ;j* (363:22 i (j;) + VD(x,y)] ¢ (x,y) = B (z,)
(5)

where the averaged dressed potential energy Vp (z,y) is
given by
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Here 27/wp is the period of the laser field and
ag =eAp/m*wp is the laser dressing parameter
in Eq. (6) [30-35]. The first three energies and eigen-
functions of the electron with and without the laser
field are numerically calculated by solving Eq. (5) with
the bidimensional finite differences method.

The known energies and the known wave functions
lead to the calculations of the refractive indexes and
the absorption coefficients by using the density matrix
method [5, 38—40]. In the electric dipole approximation,
for x- and gy-polarization of the incident radiation,
the elements of dipole transition matrix between initial
state (i) and final state (f) is given by

MIFE = (difer(iy) =

+oo +o00o

e [ [ 9 @urds .y dedy (7)

—0o0 —0O0
in addition ¢; and 1Z~Jf in Eq. (7) are the wave functions
of initial and final states. Then, the linear and nonlinear
optical absorption coefficients for the electronic polar-
ization as a response to an electromagnetic field with
frequency w can be calculated by [5, 6, 38-43]:
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Ei2f + (7/7in)? ’
where ¢ is the electric constant, ¢ is the speed of light
in vacuum ng is the refractive index, I is the optical
intensity of the incident radiation, 7, is the inter-
subband relaxation time, and the transition energy
E;; = Ey — E; is the energy difference between the final
and initial states. Neglecting the higher harmonic terms
for quantum structures with particularly symmetric
geometries, the total absorption coefficient S, (hw,I) is
given by
By (e, 1) = B (hw) + B (hw, 1) (10)
The linear and nonlinear contributions to refractive
index changes are obtained as [18]:
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The total refractive index change is then given by

An, (hw, 1) Ant (hw) . A (hw, 1)

ns ns ns

(13)

3. Results

The electronic and the optical properties of the consid-
ered wires under a laser field are presented for the SQWx0
and SQW=x45, which have the equal cross-sectional edge
length of L = 105 A. The barrier height constituted by
the Al (GaAs) coating is taken to be V5 = 228 meV
and the effective mass is assumed constant in the whole
structure, taken to be m* = 0.0665m¢ [15, 20]. The other
physical parameters used in the calculations can be lined
up as the electron density o = 3 x 10?2 m—3, the refrac-
tive index of GaAs, ny = 3.2 and the intersubband re-
laxation time, 74, =0.2 ps [15, 20]. In the presence of the
laser field, we use € = 10.9¢¢, which corresponds to the
high frequency dielectric constant for GaAs [15, 44, 45],
instead of ¢ = 13.18¢( for the off-field case.

The potential profiles of SQWx0 and SQW=x45 are
shown for the laser strengths of 0, 40 A, and 80 A
in Fig. 1. The confining potential in the upper part
of the SQWx45 widens while the lower part narrows
with the increasing strength of z-axis polarized laser
field. The potential profile takes a rectangular shape
at the top lying along the laser polarization direc-
tion for the SQWx0 while the shape at the top be-
comes a hexagon with the application of the laser field
for SQWx45. Further increases in the strength widen
the area at the surface of the potential profiles.

To imply the importance of the laser field on the en-
ergy levels, we present the first three levels of the sub-
band energies for the SQWx0 and SQW=x45 as func-
tions of the laser field strength in Fig. 2a and b, re-
spectively. The FEj, Es5, and Fj3 energies of the both
wires are equal in the absence of the laser field because
these two wires can transform into each other by 45° ax-
ial turn, and they have same cross-sectional area. How-
ever, the application of the laser field completely alters
this occurrence by creating different energy behaviors
in the wires. The increase in the E; due to the high
fields in the SQWx45 is less than that in the SQWx0.
The E5 and E3 energies are degenerate when the field
is off. For the SQWx0, the non-degenerate splitting
of these energy levels becomes distinguishable at about
a0 25 A, and they undergo anti-crossing at og 2 49 A,
where the non-degenerate separation between these val-
ues reaches a minimum value, and then starts to increase
again, as can be seen in Fig. 2a [46, 47]. For the stronger
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Fig. 1.
strengths of (a) ap = 0, (b) g = 404, (c) o = 80A.
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Fig. 2. Energies of lowest three electronic states as a

function the laser dressing parameter for the GaAs/Al
(GaAs) square quantum well wires for (a) SQWx0, and
(b) SQWx45. The icons in part (a) are two-dimensional
wave functions of the electron.

strengths than oy = 49 A, the F, reaches a plateau
against the increasing F3. Around the specific value of
«p, these changes may be better understood in terms
of the two-dimensional wave functions by comparing
the gray scale icon in Fig. 2a. At the specific value of

(b) (c)

“}pr—?‘;?
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Laser-dressed potential profiles of the GaAs/Al (GaAs) SQWx0 (top) and SQW=x45 (bottom) for the laser

ap = 49 A for the SQWx0, the extremums of the ﬁg(x, y)
align on y-axis while the extremums of 1/;3(96, y) align on
the z-axis. It is vice versa with ag = 50 A. All wave
functions of Fy to E3 states for given values of a laser
field strength reflect the orthogonality condition.

The behavior of F; and FE3 in the SQWx0 is dif-
ferent than in the SQW=x45, as seen in Fig. 2b. For
the SQWx45, the non-degenerate splitting of these en-
ergy levels becomes distinguishable at about ag = 20 A.
The difference between the Es and Fs increases up to
ao = 60 A and then remains constant. That is be-
cause the Fs reaches a plateau for the fields stronger
than ag =2 40 A, as does FEj3 for the fields stronger than
ao 260 A in the SQWx45. The reason for these behav-
iors of Fy and E3 energies in the SQWx45 is the location
in the z—y plane of the SQWx0 under the laser field. This
shows us that the position on the x—y plane of the square
quantum well wire is important under the laser field.

The optical properties of the SQWx0 and SQWx45
were determined by calculating the total absorption co-
efficients and the refraction index changes for xz-polarized
and y-polarized lights with an incoming intensity
of I =0.3 MW/cm?, which provides more pronounced
results in comparison with the smaller intensity.

Figure 3a and b show the total absorption coefficients
for the transition 1-2 of y-polarized and the transition
1-3 of x-polarized incident lights in the SQWx0 under
ap = 0, 20, 40, and 60 A laser strength values, respec-
tively. As the total absorption coefficient depends on
the elements of dipole transition matrix and the transi-
tion energies, the absorption appears at 88 meV photon
energy for both z- and y- polarization when the field is
off. This is expected, because E5 and F3 are degenerate
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Fig. 3. Total absorption coefficients depending on pho-
ton energies under different strengths of the laser field:
(a, ¢) 1-2 transitions with y-polarized and z-polarized
lights in SQWxO0, (b, d) 1-3 transitions with z-polarized
and y-polarized lights in SQWxO0.

if &g = 0, and ¢ and 13 are anti-symmetric wave func-
tions. The photon energy shifts to lower energies with
the increasing strength of the field for the y-polarized
light as it is vice versa for the x-polarized light. The 1-3
transitions with the x-polarized light shows that the pho-
ton energy shifts back to closer value of no-field case
for ap =40 A in comparison with the photon energy
of ag = 20 A application. For oy > 50 A, there is no
1-2 absorption of the y-polarized light and 1-3 absorp-
tion of the z-polarized light in SQWx0 due to zero matrix
elements.

Figures 3c and 3d show the total absorption coeffi-
cients for the transition 1-2 of z-polarized and the tran-
sition 1-3 of y-polarized incident lights in the SQWx0
under o = 0, 20, 40, and 60 A laser strength values,
respectively. The total absorption coefficient appears at
the same photon energies for both x- and y- polarization
when the field is off. For oy < 50 A, the 1-2 absorption
of z-polarized light and the 1-3 absorption of y-polarized
light are forbidden due to the zero elements of dipole
transition matrix. On the other hand, the transitions of
both polarized direction is allowed for ag>50 A, the ab-
sorption peaks show redshifts increasing laser strength
value. The reason for this is that elements of dipole tran-
sition matrix is different from zero by changing the wave
functions under the influence of the laser field.

We show the results of the total absorption coeffi-
cient for SQWx45 in Fig. 4a and b, and for SQWx0
as presented in Fig. 3c and d. For the z-polarized light,
oo = 20 A causes the photon energy shifting to higher
values in comparison with that of no-field case while it is
at the lower values for ap = 40 A than the no-field ab-
sorption energy. The high field value oy = 60 A has non-
zero transition matrix elements and gives an absorption
in quite low energy in comparison with that of the other
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Fig. 4. Total absorption coefficients depending on pho-

ton energies under different strengths of the laser
field for (a) z-polarized and (b) y-polarized lights in
SQWx45.

strengths. A blue shift is observed in the absorption co-
efficients up to ag = 40 A with the y-polarized incident
light, and then it shifts back to close values of no-field
case for ag = 60 A.

The refraction index changes for z- and y-polarized
lights are shown as a function of the incident photon en-
ergy with and without laser field in Fig. 5 for the SQWx0.
The oscillation amplitudes of the refraction index changes
increased with the laser field application. The general
behavior pattern of the refraction index changes are
almost same as the behavior pattern of the corre-
sponding total absorption coefficients discussed earlier.
In the Fig. 5a, the red shift of the refraction index changes
occurs for y-polarized light up to oy = 40 A against
the fact that the transition is forbidden for oy = 60 A.
On the other, the red shift of the 1-2 and 1-3 refraction
index changes occurs for z- and y-polarized lights, as seen
in Fig. 5c and d.

The changes of refraction index depending on photon
energies for different strengths of laser fields are shown
in Fig. 6a and b for z-polarized and y-polarized lights
in SQWx45. The general behavior of the refraction index
changes is almost same with the behavior of the previ-
ous examples discussed earlier. In the SQW=x45, the am-
plitude of the refraction index change for oy = 60 A
in Fig. 6a is bigger than the amplitude for the other fields
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Fig. 5. Refraction index changes depending on pho-
ton energies for different strengths of laser fields: (a, c)
1-2 transitions with y-polarized and z-polarized lights
in SQWx0, (b, d) 1-3 transitions with z-polarized and
y-polarized lights in SQWx0.
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Fig. 6. Refraction index changes depending on pho-
ton energies for different strengths of laser fields:
(a) z-polarized and (b) y-polarized lights in SQWx45.

and no field. This opposes to the observation on the to-
tal absorption coefficient with z-polarized light described
in Fig. 4a. For the y-polarized light, a blue shift is ob-
served in the refraction index changes up to ag = 40 A.
The bigger field for namely ag = 60 A, causes a shift in
the refraction index change to lower energies.

4. Conclusions

The electronic and optical properties for two differ-
ent positions in the z—y plane of square GaAs/Al(GaAs)
quantum wire under the laser field have been
investigated theoretically. The wire considered was
a GaAs/ Al (GaAs), for which the electronic wave func-
tions and the energy levels were calculated under a laser
field. The finite differences method was employed in
the calculations. The position on the z—y plane of
the wire strongly affects the energy levels depending on
the laser field parameter. The total absorption coeffi-
cients and the refraction index changes of the lowest three
energy levels were calculated for the different laser field
strengths.

The results showed that the SQWx0 allows the 1-3
absorption of the z-polarized light and the 1-2 absorp-
tion of the y-polarized light up to the critical laser field
value g 2 49 A as the 1-2 absorption of the z-polarized
light and the 1-3 absorption of the y-polarized light are
allowed for @ > 50 A fields With SQWx45, the 1-2 ab-
sorption of the x-polarized light and the 1-3 absorption of
the y-polarized light are observed. The total absorption
coefficients and the refraction index changes depending
on photon energies for different strengths of laser fields
was found to be important for the position of square
quantum wire in the x—y plane. These results can be used
as a guide for circuit elements based on intersubband
transitions in square quantum wire.
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