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Abstract

Infrared detecting Gaussian shaped Al,Ga,_,As/ GaAs/ Al,Ga,_,As/GaAs/Al,.Ga,_,As double quantum
wells have been designed. The energy states and the electronic wave functions have been calculated by the finite
difference method within the effective mass approximation. The structure parameter, which design the potential
profile of the device, was increased to explore its effect on the first for energy states at different electric field
strength. The results showed that increase in the electric field strength shift the peak values of the total absorption
coefficients to smaller photon energies, meaning a blue shift.
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INTRODUCTION

Electronic and optoelectronic devices
such as diodes and transistors are produced
from semiconductor crystals, and such
device types in which the movements of
charge carriers are dimensionally limited are
examined and produced under the name of
low-dimensional structures [1,2]. The
electronic and optical properties of low-
dimensional  structures that can Dbe
customized as quantum wells, quantum
wires and quantum dots continue to be a very
important research area due to their
technological importance [3-7].

Studies have reported how the shapes of
double quantum wells and applied external
fields affect their energy states [8—14]. How
the barrier width between the quantum well
pair changes the electronic properties of the
structure has been showed [8]. It has been
found that the correct well widths and barrier
height in asymmetric double semi-V-shaped
quantum wells provide the desired optical
properties of the structure [12]. Kasapoglu et
al. have calculated the energy states and
wave functions in the symmetric and anti-
symmetric Gaussian quantum wells under

external laser and magnetic fields. They
have showed the wvariations of total
absorption coefficients and total reflection
indices for allowed transitions depending on
the photon energy, and stated that by
selecting appropriate structural parameters,
the electronic and optical properties of the
structures can be controlled by external
fields [13,14].

In the light of these studies, we

theoretically consider a Gaussian-shaped
double quantum well (GSDQW) in
composition of Al,Ga,_,As/ GaAs /
Al,Ga,_,As /GaAs /
Al,Ga;_,As. First, the energy states and
wave functions were calculated depending
on the structural parameters under electric
field. Then, the total absorption coefficients
for the (2-3) transitions which depend on the
electric field intensity and photon energy
were obtained.

THEORY

The time independent Hamiltonian of an
electron, in the units of effective Bohr
radius a* = eh?/me? and Rydberg energy
R* = me*/2h%&? is given by

H=-V2+V(2) ) (1)
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where V' (2) the potential energy of GSDQW
which can be expressed as

V(2)

@ _(=Ly)? -(2)
c 4+e ¢ +e c elsewhere

1 |z| = Lz
=V _(@+1p? (2)
e

In Eq.2, V, is the barrier height, L, is the half
of total width of structure at V, level, and ¢
is the parameter whom draws the shape of
GSDQW. When an electric field is applied,
Eq.1 takes the form of

H=-V?+V(@+nz , (3

where n = |e|Fa*/R* is the the potential of
electric field applied in the +z-direction. If
the eigenfunction of the Hamiltonian in Eq.
(3) is represented as ¢, (z), the Schrodinger
equation can be given as

d? ¢, (2)
dz?

+[E, —V(@) —nzl () =0 , (4

from which the energy levels E, and
wavefunctions ¢@(z) can be found by using
the finite differences method [3].

For a z-polarized incident radiation, the
dipole transition matrix between initial state
i and final state j is given by

M;; = ( pilez| v)) (%)

The total optical absorption coefficients
B(w,I) for the electronic polarization as a
response to an electromagnetic field with
frequency w is [15-17].

Blw,D) =p*(w) + (w0, (6)

where the linear and nonlinear optical

absorption coefficients f!(w) and p3(w, 1) are
o |Ml]|2th

€onrC (E,; — hw)” + (AT)?

fH(w) = @)

and

B*(w,1)

_ _( 210 ) M| herT
[eonrcl?) [ (B, — hoo)” + (R1)?]?

as expressed previously [15-17]. In Egs.7
and 8 n, is the refractive index, I'is the
relaxation coefficient, [ is the optical
intensity of the incident wave [6, 18]. The
transition energy E;; is given by

Eij = E —E; ) )
and defined as the energy difference
between the final E; and initial states E;.

RESULTS

In a general framework, in this study, the
electronic and optical properties of the
Gaussian shaped quantum well pair structure
were examined for two values of the
structure parameter ¢, without and with an
electric field. The calculations were for L, =
100 A and V, = 228meV. The other
structural constants are, the Rydberg energy
R* = 5.21meV, the effective Bohr Radius
a* =105A, the electron density o=
3x102%2m™3, the refractive index n,=3.5, the
relaxation coefficient of r=
7.14x10%? s71 and the optical intensity of
I =400 MW /m? [19, 20].

In Figure la, for two values of the
structure parameter, ¢ = 55A% and ¢ =
495 A2, the first two energy levels and the
electronic wave functions at these levels are
shown on the GSDQW potential profile.
Figure 1b shows the results of applying an
electric field of F =40kV/cm on the
physical properties examined in Figure 1la.
While quantum wells have a square well
profile for ¢ = 55 A2, by increasing the
structure parameter value to ¢ = 495 A2, the
wells take the form of a parabolic profile. It
has also changed from having narrow barrier
to the Gaussian barrier profile. When the
first two energy levels are examined in the
both figures, they are close to each other.
This is an expected behavior as the profile
resembles a symmetric double quantum
well. Increasing the structure parameter ¢
increases the energy levels closing them
each other. When an electric field was
applied E; energy decreased while E, energy
increased. ¢, localizes in the left-hand side
well for both c¢ wvalues, while ¢, was
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localized in the right-hand sight well if the
electric field is on.
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Fig 1. Gaussian double quantum well potential and
probability densities corresponding to the first two
energies for (a) F=0 and (b) F=40kV/cm at c = 55 A2
and ¢ = 495 A2,

The first four energy levels depending on the
structure parameter ¢ for no-field F = 0 and
the field application of F = 60 kV /cm are
shown in Figs. 2a, and 2b, respectively.
While the E; and E, present slow linear
increase by increasing the structure
parameter ¢ for F = 0, the E5 and E, tend to
level up for high ¢ values. As can be seen in
Fig.2b, with the application of an electric
field of 60 kV /cm, depending on c, E; and
E, do not show a significant difference
compared to their characteristic behavior in
the absence of electric field. However, the E;
level decreases to lower energies. On the
other hand, E, level increases. While the E
level is maintained, it rises and its levels up
shifts to lower ¢ values. In E,, both a level
decrease and a minimum at the middle
values of ¢ are observed.
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Fig. 2. Energy changes depending on the ¢ parameter of
the electron confined in the GSDQW under electric fields
of (a) F=0, and (b) F=60 kV/cm, respectively.

How these wvariations in the energies
affect the transitions are shown in Fig.3 for
(1-2), (1-3) and (2-3) transition energies
under various the electric field strengths and
no-field depending on the structure
parameter c. (2-3) energy differences were
observed to be higher compared to other
transitions. It was observed that increasing
the structure constant ¢ in other transitions
was not very effective.
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Fig 3. Variation of transition energies depending on the
structure parameter ¢ under various the electric field
strengths.
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For the ¢ = 55 A2, the total absorption
coefficient variation of the (2-3) transition
depending on the electric field strength and
photon energy is given in Fig.4. It was
observed that when the electric field was
applied, the maximum values of the total
absorption coefficient shifted to smaller
photon energies. The source of this result is
the  resonance  condition  Awyg, =
J(Eij — hw)? + (hI)?
given in Eq.7. The transition energy Ej;
affects the total absorption coefficient.
When the transition (2-3) given in Fig.3 is
examined, it is seen that it decreases as the
electric field increases. Another interesting
point in Fig.4 is that the total absorption
coefficient value, which is maximum when
there is no electric field, decreases with the
increasing electric field. Similar results have
been seen in the concerning literature [21].
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Fig 4. For the ¢ = 55 A2, the total absorption coefficient
variation of the (2-3) transition depending on the electric
field strength and photon energy.

For c = 495A2?, the total absorption
coefficient variation of (2-3) transition
depending on electric field strength and
photon energy is given in Fig.5. Increasing
the ¢ , the total absorption peak value shifts
to higher photon energies for (2-3)
transition. This means red shift. The
maximum value of the total absorption
coefficient was 1100 ¢m™! in the field-off
case, and it was rapidly decreases with the
increasing electric field strength. Accordingly,

the peak wvalues shift to lower photon
energies.
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Fig 5. For the ¢ = 495 A2, the total absorption coefficient
variation of the (2-3) transition depending on the electric
field strength and photon energy.

CONCLUSION

By changing the structure parameter c in
the designed double quantum well separated
by a Gaussian barrier potential, the first four
energy levels and wave functions were
calculated under the electric field. While the
structure parameter change was not effective
for the first two energy levels in the absence
of an electric field, it was observed that it
was effective for the 3rd and 4th energy
levels. all energy levels affected in different
ways depending on the electric field
intensity. Furthermore, the total absorption
coefficients in transition (2-3) were obtained
as a function of photon energy and electric
field intensity for two different structure
parameters. It was observed that the increase
in the structure parameter caused the total
absorption coefficient to give a maximum at
larger photon energies, and these energies
occurred at infrared wavelengths. For both
structures studied, a blue shift was observed
in the maximum values of the total
absorption coefficients when the electric
field was applied. It was observed that the
externally applied electric field changed the
optical absorption spectrum. We believe that
these results may be important for devices
operating using in-band transitions.
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