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Abstract: The motivation of this research is the tremendous interest in semiconductor nanostructures.
The aim of this paper is to conduct realistic numerical tight-binding calculations for the electron states of some
semiconductor nanostructures, namely in square-shaped AlGaAs quantum wells with different depths and in the
presence of a constant electric field. The paper shows some of these results.
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Pe3rome: Pabomama e MomusupaHa om Hebuegasnusi 8 Hawu OHU UHMEPEC KbM HaHoOmexHonoauume u
rnosnynpogodHuKkogume HaHocmpykmypu Llenma Ha moea u3scrnedeaHe e rnpogexdaHemo Ha peanucmuyHu
qucrieHU rpecMsimaHus no Mmemoda Ha curHama 6pb3Ka Ha efleKmMPOHHUME CbCMOSIHUSI 8 HSIKOU
HaHocmpykmypu. Tyk ca npecMemHamu rpasobebiHU keaHmMosu simu om AlGaAs ¢ pasiuyHU ObiaboyuHU U 8
MpucsbCcmMaeuemo Ha MoCMOsIHCHO enekmpuyHo none. lpedcmaseHu ca HIKoU om rnofyYeHUme pe3ynmamu.

1. Introduction

Nowadays, semiconductor nanostructures find practical applications in all important fields of
industry and in our daily life. A very important area for such applications is their actual and potential
applications in various electro-optical devices. Modern electronic and optoelectronic devices are
approaching nanometric dimensions and employ semiconductor nanostructures. Many semiconductor
devices with built-in quantum wells work under application of an electric field. Investigation of the
electric-field dependence of electronic and optical properties in semiconductor nanostructures
(quantum wells) is of great interest, due to the possibility of making various optoelectronic devices,
and thus optimize nanostructure-based devices. Atomistic approaches become necessary for
modeling structural, electronic and optical properties of such nanostructures and nanostructured
devices [1-3].

The aim of the present work is to conduct realistic numerical calculations with one of the
methods, which is widely used for atomistic investigation of semiconductor nanostructures — the
semiempirical tight binding (TB) method. Numerical calculations within the framework of a realistic
tight-binding model for the electron bound states of some semiconductor nanostructures, namely of
square-shaped (rectangular) quantum wells (SQWSs) with different depths, in the presence of a
constant electric field have been made.

We study SQWSs with thickness of 44 MLs. One ML (monolayer) equals two atomic layers and
1ML equals 2.825 x 10" m. The SQWs are formed in the system of Al,Ga; ,As / Al ,Ga 1,As / Al,Ga;.
«As. The Al concentration x in the barriers Al,Ga;As is x = 0.36 for all SQWs under study. The Al
concentration x in the well regions Al,Ga;.As is different and takes four values: x = 0, x = 0.03; x =
0.06; x = 0.12, respectively for the four SQWs under study (see Fig. 1). We can see in Fig. 1 that the
concentration profile of Al in SQWs makes one SQW deeper than the other. The deepest SQW has a
concentration of Al in the quantum well (QW) region x = 0. And the most shallow SQW has a
concentration of Al in the quantum well (QW) region x = 0.12.
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We calculate the electron bound states, the hole bound states and their spatial distributions
without and with applying a various values of the constant longitudinal electric field F. The electric field
is applied parallel to the growth axis [001]. We calculate also the energies of the optical transitions
E(C1-HH1), E(C1-LH1), E(C2-HH2) and their Stark shifts. The Stark shift is a reduction of the optical
transition energy in a QW under application of an electric field.

Similar results concerning the calculation of the ground state energies of the conduction
E(C1), E(C2) and valence E(HH1), E(LH1), E(HH2) bound states in three QWs in dependance of
applied constant electric field F were already published and discussed in [4].

2. Model and method

We study Al,Ga;,As / Al ,Ga 1,As / Al,Ga;,As SQWs (001) with the square-shaped (or
rectangular) well structures (Fig. 1). The electric field is applied parallel to the growth axis [001].

Similar structures are partially investigated theoretically in [4,5]. We use the sp3s* spin-dependent
semi-empirical tight-binding model as it is described in [6]. The virtual crystal approximation is used for
the description of the TB parameters TB(x) of the alloy AlxGaj-xAs:

TB(x)=x.TB(AlAs) + (1-x).TB(GaAs).

We use surface Green function matching technique, developed and applied in [7] in order to
calculate the Green function of the infinite system containing the finite inhomogenious slab. We define
the presence of an external static electric field (see [8,9]) by adding an linearly varying with the
distance term A, to the diagonal elements of the TB Hamiltonian matrix:

(1) TB(n,x) = TB(X) +A,, and
(2) An = (n-1).F.(a/4) ,

where a is the lattice constant, F is the intensity of the longitudinal constant electric field, TB(x)
are the diagonal TB parameters without an electric field for the bulk material with Al concentration x,
and n is the number of the layer (i.e. layer index) in QW. The electric field is applied to the structure
under study at two points in the well regions (Al,Ga;As) at the two edges of the SQWSs. The width of
the four SQWs is 44 MLs ( which is approximately 125 A; or 12.43 nm). The zero value of the intensity
of applied electric field F is defined at the point which corresponds to the first ML from the left edge of
the QWSs. In our numerical calculations we use a range of electric fields, from —212.4 to +212.4 kV/cm
with 70.8 kV/cm step. We also made calculations for the conventional square-shaped QW (SQW)
(with Al composition x equals 0) in order to compare it with our results. The SQWSs have a 44 MLs
(125 A) Al,Gay.As wells and AlyssGayo3sAs barriers. All calculations are made at the center of the
two-dimensional Brillouin zone.
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Fig. 1. Schematic band diagram of four SQWs without application of a constant electric field. SQW
number 1 (indicated as QW1 on the figure) consists of pure GaAs. SQW2 has Al concentration x = 0.03. SQW3
has Al concentration x = 0.06. SQW4 has Al concentration x = 0.12. In four cases we have at the barriers the Al

concentration of the alloy composition x = 0.36.

3. Results and discussion

The influence of the applied electric field F on the concentration profile of the SQW follows: the
electric field makes the concentration profile inclined. The direction of the slope of this profile depends
on the sign and the value of the applied electric field F. Calculated main bound electron and hole
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energies of the four SQWs under study without and in the presence of a constant electric field were
already discussed in [4]. EC1 and EC2 are the conduction band bound states, and EHH1, ELH1 and
EHH2 are the valence band bound states. For all four SQWs the behavior of these energies is similar:
they decrease or increase with increasing or decreasing the applied electric field.

And for all RQWs the transition energies decrease with increasing applied electric field [4].
Consequently we can say that the increasing the concentration of Al in RQWs gives larger and better
Stark shifts of the transition energies.

We see in Fig. 2 the RQW of type AlpssGaiossAs / Al Ga

As /| Aly3sGaig3sAs which

1-0.06

corresponds to RQW 3 from Fig. 1. Here, in Fig. 2, we see the influence of the electric field on the
concentration profile of the RQW. The electric field makes the concentration profile inclined. The
direction of the slope of this profile depends on the sign and the value of the applied electric field F.
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Fig. 2. Schematic band diagram of the concentration profile of RQW3 (see Fig. 1) without and with the
application of a constant electric field F of the value 212.4 kV/cm. RQW number 3 (RQW 3) has Al concentration x
= 0.06. The Al concentration of the alloy composition is y = 0.36 at the barriers.
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Fig. 3. Main calculated bound electron and hole energies of the four RQWs without and with the
application of a constant electric field F. Al concentration x for each RQW is indicated on the figure.
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Fig. 3 shows the calculated main bound electron and hole energies of the four RQWSs under
study without and in the presence of a constant electric field. EC1 and EC2 are the conduction band
bound states, and EHH1, ELH1 and EHH2 are the valence band bound states. They are indicated on
the Fig. 3. And also as it is indicated on the figure: Fig. 3 (a) — RQW with Al contents x = 0.0; Fig. 3 (b)
— RQW with Al contents x = 0.03; Fig. 3 (a) — RQW with Al contents x = 0.06; Fig. 3 (a) — RQW with Al
contents x = 0.12. For all four RQWSs the behavior of the energies is similar: they decrease or increase
with increasing or decreasing the applied electric field.
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Fig. 4. Transition energies E(C1-C2) as a function of applied electric field for the RQWs under study.
RQWs are indicated on the figure with the contents of Al.
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Fig. 5. Transition energies E(C2-HH1) as a function of applied electric field for the RQWs under study.
RQWs are indicated on the figure with the contents of Al.

Fig. 4 shows the transition energies E(C1-C2). As we can see they are larger for RQW with
the largest contents of Al. With increasing the concentration of Al in RQWs the transition energy E(C1-
C2) increases. And for all RQWs the transition energies decrease with increasing applied electric field.
Consequently we can say that the increasing the concentration of Al in RQWSs gives larger and better
Stark shifts.
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Fig. 5 shows the transition energies E(C2-HH1). As we can see they are larger for RQW with
the largest contents of Al. With increasing the concentration of Al in RQWs the transition energy E(C2-
HH1) increases. And for all RQWs the transition energies decrease with increasing applied electric
field. Consequently we can say the same as for the transition energies E(C1-C2) (see Fig. 4), namely
that the increasing the concentration of Al in RQWSs gives larger and better Stark shifts under
application of the same values of electric field.
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Fig. 6. Transition energies E(C2-LH1) as a function of applied electric field for the RQWs under study.
RQWs are indicated on the figure with the contents of Al.

| AE(C1-HHY) —u— ﬁ: 8-83
0.004 . —@— .
< v \. — A Al 0.06
2, —wv— Al 0.12
0
&= -0.054
=
9p]
=
8 -0.10-
0p]
v
-0.15 T v T v T v T v T
-200 -100 0 100 200

Electric Field [kV/cm]

Fig. 7. Stark shifts of the main transition energies E(C1-HH1) as a function of applied electric field for all
of the SQWs under study. SQWs are indicated on the figure with the contents of Al.

Fig. 6 shows the transition energies E(C2-LH1). As we can see they are larger for RQW with
the largest contents of Al. With increasing the concentration of Al in RQWs the transition energy E(C2-
LH1) increases. And for all RQWSs the transition energies decrease with increasing applied electric
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field. Consequently we can say the same as for the transition energies E(C1-C2) and for E(C2-HH1) (
see Fig. 4 and see Fig. 5), namely that the increasing the concentration of Al in RQWSs gives larger
and better Stark shifts under application of the same values of electric field.

Fig. 7. shows the Stark shifts of the main transition energies E(C1-HH1). As we can see they
are larger for SQW with the largest contents of Al. With increasing the concentration of Al in SQWSs the
Stark shifts of the transition energy E(C1-HH1) increases. And for all SQWSs the transition energy
Stark shifts decrease with decreasing applied electric field. Consequently we can say the same as for
the transition energies E(C1-C2) (see Fig. 4 in [4]), namely that the increasing the concentration of Al
in RQWs gives larger and better Stark shifts under application of the same values of electric field.

4. Conclusion and future work

We conduct realistic numerical TB calculations of the electron bound states, the hole bound
states and their spatial distributions without and with applying a various values of the constant
longitudinal electric field F for four types of SQWs with different depth. We can say that the results
from the TB calculations, such in this work, help to study the physics of the nanostructures in the
presence of applied electric field intensities. Such investigations that make possible to study in details
the Stark shifts of the electronic and hole states and their spatial distributions, the subband spectra
and intersubband transitions of electrons, are very promising in looking for quantum well structures
that provides good Stark effect characteristics for potential device applications. Such investigation will
help us to find a QW potential profile with better Stark effect characteristics. The investigation of the
electric field effects on the optical properties of the QW structures with graded gap potential profiles
(not conventional SQWS) is essential for the optimization of QW-based devices. The work is in
progress in this direction.
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