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Abstract

In the lattice consisting of three quantum wires, the effect of the external electric field applied on the energy
states of the electron is the focus of this study. The energy states and wave functions of the electron were
calculated using the finite difference method with the effective mass approach. It was found that the energy
states exhibit different behavior when the diameters of the quantum wires are considered as the same and
different. When an electric field was applied to both quantum wire lattices, the electron's energy states

showed interesting changes.

Keywords: Quantum Wire, Electric Field, Energy Crossing

HARICI ELEKTRIK ALANI ETKIiSi ALTINDA Ga,_,Al,As/GaAs
KUANTUM KUYU TEL ORGUSUNDEKI ENERJI DURUMLARI
Oz
Ug kuantum telinden olusan 6rgiide, uygulanan dis elektrik alanin elektronun enerji durumlari {izerindeki
etkisi bu galigmanin odak noktasidir. Etkin kiitle yaklagimi ile sonlu farklar yontemi kullanilarak elektronun
enerji durumlar1 ve dalga fonksiyonlar1 hesaplanmistir. Kuantum tellerinin ¢aplarinin ayni ve farkli oldugu

diisiiniildiigiinde enerji durumlarinin farkli davraniglar sergiledikleri bulunmustur. Her iki kuantum tel

kafesine bir elektrik alan1 uygulandiginda, elektronun enerji durumlar ilging degisiklikler gosterdi.
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1. INTRODUCTION

After the discovery of semiconductor, properties of low-dimensional semiconductor structures
have been attracted attention. Many electronic devices have been designed by combining different
semiconductor materials. These devices have become manufactured at nano-structure scales with
the developments in production technology. Thus, a transition was made to quantum wells,
quantum wires and quantum dots. As a result, it has caused many macro-sized electronic elements
to be produced in nano-sizes. The electronic properties of these structures under electric field have
also investigated [1-4]. Magnetic field [5-6], hydrostatic pressure [7-9], temperature [10,11], and
laser [12-15], its behavior under external influences has also been added to intensive work on low-
dimensional structures.

Another research area was the investigations made by adding foreign atoms to original
semiconductors [3,5,6]. In addition, it was observed that the results differ for each structure when
these external fields are effected on geometrically different quantum structures [16-19]. The effect
of dielectric constants of materials on quantum structures was investigated [20].

In this study, we have investigated the energy levels of the electron by applying an electric field to
the states of the same and different diameters of the GaAs material in the triple quantum wire. The
calculation method of the structure under the electric field is given in section 2.; in the section 3,

the results of the calculated energy states and probabilities of finding wave functions are given.
2. MATERIALS AND METHOD
Figure 1 shows the xy-plane cross section of the Ga,_,Al,As/GaAs quantum wire lattice. In the

effective mass approximation, the time-independent Schrédinger equation for an electron in

Quantum well wires (QWW), in the presence of the electric field is given by:

n? (9% | o2

2m* \0x?2

The Energy States in Gal-xAlxAs/GaAs Quantum Well Wire Lattice Under the Effect of External Electric Field 24



f:f@*

Research Bekar/Kirklareli University Journal of Engineering and Science 9-1 (2023) 23-35 U

DOI: 10.34186/klujes.1267996 Gelis Tarihi:20.03.2023 Kabul Tarihi:12.05.2023

Where, e is the electron charge, m™ is electron effective mass and F is the electric field strength

* 54
in units of kV/cm applied in the +x-axis direction. Eq.1, Rydberg energy unit R* = :;in,z and
2
effective Bohr Radius a* = h*:z occurs when re-expressed in the unit system.
92 | 02
H=—(ﬁ+ﬁ)+nx+V(x,y) 2)

Then,n = |e|la*F/R* is defined as. By applying the finite difference method to the Schrédinger

equation, energy levels E, and wave functions ‘¥, are calculated by [5]:

H, (x,y) = Enpn(x,y) 3)

In the finite different method, we have working on two dimensional axes. There are wave function
for x- axes and y —axes and we have producted 1 (x, y) from these wave functions. ¥ (x, y)= y(x).
Y(y) itis defined as. In addition, there are energy states for both axes Ex and Ey. Total energy of

the system E is sum of these energy states.
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Figure 1. Planar cross-sectional view of quantum wire lattice.

By dividing both axes of the system by the number of n equal steps, we created a table of

differences for wave functions

The Energy States in Gal-xAlxAs/GaAs Quantum Well Wire Lattice Under the Effect of External Electric Field 25



L

Research Bekar/Kirklareli University Journal of Engineering and Science 9-1 (2023) 23-35 @
DOI: 10.34186/klujes.1267996 Gelis Tarihi:20.03.2023 Kabul Tarihi:12.05.2023
1 2 3 4 L n-2 ‘n-l n R
1 [ munwczpw&nmn _________ ___________ ¢§n21)¢£n11) _____ 4)@ D)

9 P R S N O A A
n-1 b wﬂ,nnwtzhllw(3n1);b(4Hn1) _I.IJ_@_-_Z_,,%@-_Q_m(_-_dérn;n___w_@ﬂ-é n-1)
Nl mén-----mczim _____ wc&n1¢c4n)¢(n2y)wcn1m _____ ijn)

v
Figure 2. Table of differences for wave functions
The numerical derivative for the point y(1,1) becomes as.
2z ($(L0) =29 (1) +9(1,2)) = 75 (0.1 = 20 (1) + P2 D) + V(ALY =
(Ex + Ey )9 (1,1) 4
If w(1,2), w(1,3)...... y(n,n) is calculated again for the other points, we get a matrix of size n x n.

This matrix is solved with a computer software. Wave functions and energy states are calculated

from matrix
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Figure 3. 2D matrix form for finite different method

3. RESULT AND DISCUSSION

Potential profile calculations have numerically been calculated m* = 0,0665m,, for effective mass
and dielectric constant € = 13,18[21]. Ga;_,Al,As of barrier height for x = 0,3 Al concentration
is Vo = 228meV.The effective Bohr radius and Rydberg energy are a* = 104,88054 A° ve Rj =
5,20848 meV , respectively. Two different quantum wire lattices have been studied. In the first
quantum wire lattice, the radius in the GaAs region are equal. Calculations were made for the sizes

given in Figure 1 for the second quantum wire lattice.
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Figure 4. Energy levels of the GaAs region in a quantum wire lattice depending on the electric
field for equal radius.
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Figure 5. Probability of wave functions around point A
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The variation of the energy levels with the electric field for equal radius and 50 A° values of the
GaAs region in the quantum wire lattice is shown by Figure 4. When the figure is investigated, it
is seen that the first three energy levels are approximately at the same level for no electric field,
and the levels exhibit different behaviors when electric field is applied. It has been observed that
the energies approach each other at values where the electric field is 38 kV/cm (A point) and 78
kV/cm (B point). Electron probability distributions around these values are shown in Figure 5 and
Figure 6 for point A and point B, respectively. If the energies tend to decrease with the electric
field strength from these shapes, the electron will be in the left quantum wire of the probability
distributions, while the energies tend to increase, the electron will be localized in the right quantum

wire.

F=68kV/cm i F=78kV/cm . F=88kV/cm
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Figure 6. Probability of wave functions around point B
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First six energy levels calculated from the ground state for the second quantum wire lattice,
depending on the electric field strength showed by Figure 7. It has been observed that the energy
levels converge to each other at certain values of the electric field. In the figure, the region A where
the first two energy levels approach without crossing each other with an energy value of F=25
kV/cm, the same situation for the third, fourth and fifth energy levels, and the region B where the
energy value for F=27 kV/cm, the second and fifth energy levels. For the third levels, the approach
around F=50 kV/cm is shown with the C state. As observed, when the behaviors of the energy
levels under the electric field are compared with each other, the behaviors of the energy levels in

Figure 4 do not exhibit similar characteristics.

E(RY)

0 T T T T T T T T T
0 20 40 60 80 100

F(kV/cm)

Figure 7. Variation of energy levels of the GaAs region in the quantum wire lattice depending on
the electric field for different radius.

In Figure 8, the probability distributions in the first two energy levels for F=15 kV/cm before the
energy approach, F=25 kV/cm at the approach point and F=40kV/cm after the energy approach at
point A marked in Figure 7 are shown as the C state. While the % ground state probability densities

are localized to the right wire, which is the largest area of the GaAs region, for electron 15 kV/cm,
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it is observed that it is localized towards the middle wire with the increase in electric field strength.
In the second energy, it has been observed that the electron probability density is localized from
the inner wire to the right outer wire, with the increase of a certain electric field strength, both
between these levels and when these levels are compared with the first levels, without disturbing
the orthogonality condition. When these probability densities are considered, it has been observed
that the electron probability densities are in the same regions at both energy levels at F=25kV/cm.
At the value of F=35kV/cm, it is seen that the wavefunction densities of both energy states are in

the opposite state of the densities of the F=15kV/cm wavefunctions.

F=15kV/cm F=25kV/cm F=35kV/cm
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.
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o

Figure 8. Probability of wave functions around point A

In Figure 9, electron probability densities of the third, fourth and fifth energy levels are given for
the electric field values in and around the point B in Figure 7. When the 3 and % electron
probability densities at F= 15 kV/cm are investigated, they are localized in the same wire, while
Y2 electron probability densities are localized on the left wire. In this electric field strength value,
E3 and E4 energies increase while E5 energy decreases. At the value of F= 27kV/cm, the E3 and
E5 energies are close to each other and the electron probability densities are higher in the right
wire. Since it shows a decrease according to the E4 energy value, the probability density is on the

left string. At F= 39kV/cm, E4 and E5 energies increased and probability densities were located
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on the right wire. The E3 energy is decreased and the electron probability density is located in the
left wire.
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Figure 9. Probability of wave functions around point B

In Figure 10, the probability densities of the second and third energy levels are given for the electric
field values at and around point C in Figure 5. At F= 40kV/cm, E2 energy tends to increase, E3
energy tends to decrease, and when 2 and 2 electron probability densities are examined, it is
seen that they are localized in different wires. When the electric field is increased, the behavior of
the energies is reversed, and the electron probability density of {3 at F=60 kV/cm is localized on

the left-hand wire, while the % electron probability density is localized on the right-hand wire.
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F=40kV/cm F=50kV/cm F=60kV/cm

Figure 10. Probability of finding wave functions around point C.

4. CONCLUSION

In this study, three Ga,_,Al,As/GaAs cylindrical quantum wires are brought together to form a

Ga,_4Al,As/GaAs quantum wire lattice. In this structure, two different quantum wire lattices have
been studied by taking the radius of the GaAs material as equal and different. Both wire lattices
showed interesting changes in their energy states with the change of the electric field. To explain
the interestingness in these energy changes, probability distributions of states at certain electric
field values are plotted. When we look at other studies in the literature, it is seen that the geometry
of the structure is as important as the external field applied to semiconductor materials [17,18,21].
Energy transitions are only possible with the correct geometry selection. These approach points in
energy levels can be considered as transition points and these points can be designed as switching
elements in electronic devices. The results are expected to be guiding in designing new structures

in terms of diversifying the electronic properties of semiconductor low-dimensional structures.

Note: This article has presented as oral presentation at NEM 2022 Kirklareli
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