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Abstract: Quantum nanostructures show promising applications in scaling electronic devices due
to their exciting electronic and optical properties. In this work, a comparison of electron densities
and confinement capabilities of nanowires made of three semiconductor materials (Ge, GaN, and
Zn0) at low temperature (T = 10 K) is done through numerical-based modeling. Numerical
calculation is done using the Poisson-Schrodinger (PS) and Thomas-Fermi (TF) approximation
equations through the finite element method. Physical phenomena of one-dimensional structures,
e.g., charge density waves (CDW) and Friedel oscillations (FO) in these nanowires, have also been
studied. Numerical analysis of electron densities and confining potentials exhibits FO in all of these
Ge, GaN, and ZnO nanowires. Results showed that lower energy states having smaller values in
azimuthal quantum number (m = 0, 1, 2) contribute the most to carrier density profile. Finally, all
three materials show Fermi-level-pinned energy that has great impact on the possibility of
photogeneration gain.
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1. Introduction

Electronic devices, which consist of low-dimensional
structures, are being studied currently to integrate them for
the purpose of continuous down-scaling. Quantum dots,
quantum wires, and quantum wells are examples of these
low-dimensional structures. They are investigated a lot
due to their promising and significant properties, which
are different from their bulk counterpart. Semiconductor
quantum wires, sometimes defined as nanowires (NWs)
have shown significant interest due to their outstanding
thermal, electrical, optical, chemical, and mechanical
properties' . Electrical carriers in nanowires are confined
in two directions that are perpendicular to each other.
Physically, they have certain intriguing attributes that set
them apart from both quantum dots and bulk materials®.
Some examples of the interesting physical phenomena
shown by nanowires are the quantization of electron states,
charge density waves (CDW), Friedel oscillations (FO),
and so on, which affect the transport properties. The
quantization states of the energy levels can be used as
logic functions, which can be used in the cutting-edge
technology of qubits”. CDW study can help to understand
the exciting physical properties for example, Wigner
crystal formation®, Majorana physics in semiconductor?.
Friedel oscillations are special types of standing waves

observed near impurities, disorders, or defects in one-
dimensional (1D) systems. These types of characteristics
are used to explore the band structure of the system in
addition to hidden physics of the current quantum devices,
for example, the chirality of the electrons in graphene, the
wave-function structure in quantum Hall systems, or
fundamental behavior of the underlying model describing
high-temperature superconductors. Moreover, interesting
and promising properties of topological insulators are also
predicted to be explained using FO'?. Some examples of
theoretically calculated FO studies are Si dopants on
GaAs surfaces'”, GaAs NWs!2, ZnO(101°0)'? surface to
bulk. Besides these theoretical modeling and calculations,
experimental proof is also available to observe such types
of sophisticated but exciting properties. For example,
scanning tunneling microscopy (STM) images give the
proof of FO around the defects in the sidewalls of
GaN(1010)'¥, Si-doped GaAs(110)'>, Ir-induced
nanowires on Ge(001)'®, induced energy gap observed in
epitaxial graphene growth on SiC(0001)'”. Though all
these studies are related to the FO observed around defects
or impurities or charged ions on surfaces, detailed
exploration of FO in nanowires itself is still uncovered and
inevitable to understand the complete physics behind this.

In this paper, we considered equally doped nanowires
of Ge, GaN, and ZnO separately in order to study the
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possibility of FO. We considered these materials from
their wide application in optoelectronics perspective. Ge
is an optoelectronic semiconductor with a direct bandgap.
Thermoelectric devices, which convert heat into
electricity, have also been tested with Ge nanowires. Ge
nanowires have a better thermoelectric figure of merit
than bulk Ge because their greater surface area scatters
phonons and improves the Seebeck coefficient'®!?. Ge
nanowires' direct bandgap and high absorption coefficient
make them good photodetectors. High-speed optical
communications use Ge nanowire photodetectors because
of their high responsivity and fast reaction time??,
Nitride semiconductor materials, such as GaN, have
consistently garnered a great deal of interest over the
course of the past two decades due to the superior optical
and electronic properties that they possess. These
properties include a wide band gap that can be adjusted,
strong atomic bonds, and high thermal stability?!??.
GaN's direct bandgap of 3.4 eV makes it a desirable
material for UV photodetection applications due to the
semiconductor's excellent efficiency at absorbing UV
light. GaN can also function at high temperatures because
of its high melting point. These characteristics
recommend GaN for application in high-reliability, high-
performance electrical and optoelectronic devices. The
semiconductor zinc oxide (ZnO) is quite promising for a
variety of optical applications. It has performed well in
UV detectors, lasers, solar cells, and light-emitting diodes
(LEDs)*2%. Ren et al. reported that the photocurrent of a
ZnO nanowire (NW) increased with its length, attributed
to a mean free path effect resulting in a unique distribution
of dark electron density along the length. This study
provides valuable insights into the length-dependent
photoelectric behavior of ZnO NWs, contributing to the
advancement of the field?®. Movlarooy et al. investigated
the structural, electronic properties, and quantum
confinement effects of zinc oxide (ZnO) nanotubes and
nanowires with different diameters, utilizing density
functional theory and the pseudopotential approximation.
The results demonstrate that reducing the diameter of ZnO
nanotubes and nanowires leads to an increased energy gap,
making them promising candidates for nanoscale
optoelectronic devices due to their direct band gap and
size-dependent properties?”. Research on electron
confinement in semiconductor quantum structures has
advanced, particularly regarding the effects of external
fields and material compositions. For instance, studies
have explored how hydrostatic pressure, and electric
fields impact the binding energy of donor impurities in
GaAs quantum dots?®??. Additionally, the interplay
between structural dimensions and external influences has
been shown to affect the density of states and
polarizability in GaAs-(Ga, Al)As quantum wells*?.
Furthermore, the unique optical and electronic properties
of GaAs-AlyGa;—<As quantum dots reveal how impurities
and external fields can enhance these characteristics,
emphasizing the significance of material selection and

configuration in nanowire applications®". These findings
provide valuable insights for optimizing electron
confinement in Ge, GaN, and ZnO nanowires for future
electronic and optoelectronic devices. Collectively, these
studies highlight the critical role of understanding electron
dynamics in advancing nanostructured semiconductor
technologies.

In this work, the carrier density profiles, and confining
potentials were calculated for three semiconductor
nanowires made of Ge, GaN, and ZnO to investigate the
possibility of having the Friedel oscillations. The
computation exhibits the FO in all of these Ge, GaN, and
ZnO nanowires. Moreover, the calculated -electron
potentials for the surface states of all three materials show
Fermi-level-pinned energy. The radial effect of the Carrier
density profile, confining potential, as well as the origin
of FO in the cylindrical nanowires of these three materials,
has been discussed.

The paper is organized in the following way: In Section
2, a mathematical model of the electron confinement in
the quantum nanowire is described. The results of a case-
by-case comparison of electron confinement in quantum
nanowires based on three different semiconductor
materials (Ge, GaN, and ZnO) are presented with
discussion in Section 3. Lastly, Section 4 provides some
conclusive findings along with future possibilities for the
outcome.

2. Numerical model

A commercial COMSOL-Multiphysics software
includes the interface for the Schrodinger-Poisson (SP)
equation, which is utilized in the simulations presented in
this paper!”?. To visualize the band formation and
energy levels in a nanowire, it is important to find a
solution to the Schrddinger equation that describes the
system.

N HnmUE @ = EGSm ()

here, specific quantum mode or state, m=1,2,3,4.... N.
[N= number of wave function elements], Hpn
Hamiltonian matrix element for a specific state m can be

written as Hym, = Z—::ﬁVZ +V(), h is the reduced

Planck constant, m* is the electron's effective mass,
VZrepresents the Laplacian, contributing to the kinetic
energy term, V(r) is the potential energy at position r, E
is the energy eigenvalue associated with mode m,

qul? (r) denotes the wavefunction of mode m for the i-th
configuration, at position r. This Hamiltonian governs
both the kinetic and potential energy contributions for
each quantum state m in the nanowire system. A
comprehensive flowchart that illustrates the step-by-step
self-consistent solution process of the Schrodinger-
Poisson equations within a specific quantum nanowire
system is depicted in Fig. 1. Solving Poisson's equation
gives the iterations, which can be considered as an
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excellent start. To calculate the electric potential V, the
following equation is used:

V. (€VV) = ps @)

where the symbol € represents permittivity, and the
symbol ps represents space charge density, which is
considered the best initial estimate using the Thomas-
Fermi (TF) approximation®”. The Thomas-Fermi
approximation is suitable for the initial charge density
estimation due to its computational efficiency and
accuracy, particularly in highly doped nanowires. It
provides a quick response to potential changes, making it
ideal for starting self-consistent calculations. Alternatives
like the Poisson-Boltzmann distribution or DFT can be
used, but they are more computationally demanding. In
the second step, the potential energy, V. component in the
Schrodinger equation is affected by the electric
potential, V, g is the magnitude of the charge of the
electron, approximately 1.602x107" coulombs.

Ve= —qV 3)

Equation (4) describes the particle density profile,
Ngum, s a statistical sum of probability densities weighted
by the occupancy factors N;. The relationship between
the particle density and the potential energy is established
by considering the Schrédinger equation, which is a
fundamental equation in quantum mechanics governing
the behavior of particles at the quantum level,

2me)\ 2 Ef—E;
Ngum = N i () (kT2 Foyyp (S0 Iil? (4)

Since the electrons must remain within the quantum
wire, it is required to apply the boundary condition,
PY(Q) = 0 (where Q defines boundaries for all cases) in
order to find a solution to this equation. where i signifies
the number of iterations that contributes to the summation.
The formulation of this equation (4) is based on Fermi-
Dirac statistics, which describe the distribution of
particles over energy states in a system of
indistinguishable fermions. In this equation (4):

e  g;: Represents the degeneracy factor for the i-th
energy level, accounting for the number of
available states at that energy level in the
nanowire. This factor is typically calculated
based on the effective mass and dimensionality
of the system.

o (kgT)Y? : Arises from the thermal energy
contribution, which is significant in low-
temperature scenarios where thermal excitations
influence the occupancy of quantum states.

® F_y;: This term is the Fermi-Dirac distribution
function, describing the occupancy of energy
levels at a given temperature T and Fermi

energy Ef.

e The occupancy of states is influenced by the
energy difference Ey — Ej, and the exponential
decay of occupancy at energies significantly
higher than the Fermi level reflects the statistical
nature of fermions.

Recalculating the space charge density and utilizing it
to solve Poisson's equation again results in a new electric
potential profile based on the particle density profile,
Ngum - This provides an accurate representation of the

electric potential profile. The new space charge density
£ (33)
is’?,

P =( Ngym Q)

This indicates the divergence of the iterations. The
recalculated space charge density p results in a new
electric potential profile that may differ significantly from
previous iterations. Such divergence occurs when the
differences between new and old values of electric
potential V exceed the specified convergence tolerance,
indicating the need for further iterations to achieve
stability in the self-consistent solution process. A better
expression can be written as

—o —a(V-Vo1a)
P = qNgym€XP (e * %) (6)

where V,;; represents the previous iteration's electric
potential and « is an extra tuning parameter. The value
of a = 0 for high temperatures whereas some positive
values of a works well for low temperatures. The solver
sequence uses this equation to determine the space
charge density, p which is further used to determine the
new electric potential, V. This process is continued until
the tolerable difference between old and -electric
potentials, Voiq and Vyew, respectively, is reached. Thus,
self-consistency is achieved. Equation (6) is derived
from modifying the basic charge density equation (5) to
account for temperature effects and potential changes
more effectively. It incorporates an exponential factor
that helps mitigate numerical instability during iterative
calculations, particularly in low-temperature scenarios
where charge distributions can vary significantly.

In this study, 50 nm radius of quantum nanowire is
selected for the study of quantum confinement and
feasibility for current fabrication. The results are
investigated in 10 K to minimize thermal energy and
observe discrete electron states. The electron effective
mass and dielectric constant differ for each material, as
outlined in Table 1. These choices are crucial for detailed
studies of electron confinement in nanowires. The
nanowire is modeled as having cylindrical symmetry and
a 1D axisymmetric space dimension. To avoid edge effects
and ensure that electron confinement is primarily radial,
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properties are selected to allow a direct comparison of
electron density and confinement effects across different
semiconductor materials.

the nanowire is assumed to be infinitely long. The material
compositions considered are Ge, GaN, and ZnO, with a
consistent doping concentration of 2.6x10'8¢cm™. These

Table 1. Modelling parameters of semiconductor materials.

Parameters [unit]/Materials Ge GaN ZnO
Radius [nm] 50 50 50
Energy Bandgap [eV] 0.7 34 3.37
Electron Effective Mass 0.12me 0.13me 0.28me
Dielectric Constant 16.2 8.9 8.66
Electron Doping [cm™3] 2.6 x 1018 2.6 x 1018 2.6 x 1018
Temperature [K] 10 10 10
References 18),37) 38) 34),39)

Input Semiconductor Material
Properties

(—I Input Doping Parametersl
i

J Solve Poisson's Initialize Electric Potential (¢)
i 'l Equation using the TF and Obtain Space

Charge Density (p)

Y

Update Potential Energy in the ’ = § G
[ Schrdinger By Computing the Charge!

Equation using Updated ¢ SEGCRrriEr Rarttle

Solve the Schridinger Equation to
Obtain a Set of Eigenenergies
(E) and Normalized Wave Functions (y)

v

Compute Particle Density
Profile )

v

Reestimate Space Charge Density (p) using
Previous Electric Potential Profile (¢) for
New Estimate for a Better Approximation for
Self-Consistency

v

Compare Electric Potential Profiles
and Check New ¢ Matches Previous ¢
within Desired Tolerance

Using Weighted Sum of probability densities
- that is Determined by Integrating the Fermi-
Dirac Distribution

No

Agree within Desired
Tolerance?

Yes

Fig. 1: Flowchart for self-consistent solution process of the schrodinger-poisson equations.

3. Results and discussions

The computational results obtained for carrier
density profiles and confining potentials for Ge
nanowires are illustrated in Fig. 2. The left ordinate axis
of Fig. 2(a) shows the electron density functions

normalized by the donor density. The carrier density
profiles are obtained from the Thomas-Fermi
approximation (shown in a smooth line) and the PS
equation (shown in an oscillatory line). The confining
potential shown in the dashed dot lines corresponds to
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the right ordinates.

For the Ge, the confining potential is almost
independent of cylindrical nanowire radius up to 30 nm
with a value nearly equal to its charge-neutral flat band
value. In the TF approximation, the quantization effects
in energy density, sub-bands in lower temperature (here,
T = 10 K), and lower number of eigenstates near the
center were ignored, contributing to a non-oscillatory
line. However, considering those effects in PS
calculation results in the oscillatory curves. The
oscillations on the electron density profiles were
calculated as the individual contribution of azimuthal
quantum numbers (m). These oscillations are also
denoted as so-called Friedel-type spatial oscillations
obtained from Poisson-Schrodinger results. The local
maxima of oscillations are shown in vertical dashed
lines drawn through the points of (1), (2), and (3). The
contributions of components of electronic states in the
density maximas are summarized in Table 2. For point
1, as shown in Fig. 2(a) and Table 2, maximum
contributions come from state (m=1), which is ~41%
and the second highest contributions come from m=2
state.

Besides the contributions from m =0, 1, and 2 are
significant, others have less than 10% in the carrier
density profiles. Hence, this oscillation in point 1
appeared for lower states, particularly m is less than 3.
This type of lower states contributed oscillation in
carrier density profiles are also seen in the case of
GaAs'?. For the point 2 oscillations located at the
distance of 17 nm from the center, the maximum
contributions come from the m= 2 state having a value
of 24.24%. The second and third highest contributions
are obtained from m = 1 and 3 states corresponding
values of ~22% and 18%, respectively. In the case of
third oscillations centered at r = 24 nm, the
contributions are almost equal from the middle states,
which are around ~20%. Additionally, the amounts
from the lower states ~10% including the lowest value

0.4
1.2 ; '

1 m_—1 @
50101 L0.3
&
=]
£ 0.8+
2 0.2
£0.6
)
g L0.1
£0.4-
3
=
0.2 L0.0
0.0 S ===l

0 5 10 15 20 25 30 35 40 45 50

Radius (nm)

which is 9.84%. Hence, we can conclude here, the
oscillation nearest to the center is due to lower states,
middle oscillations can be summed over intermediate
states and farthest oscillations are obtained from the
highest occupied states. The probability densities of the
carriers having the largest contributions in the first two
oscillations are given in Fig. 2(b), where the electrons
of lower energy states are accumulated mostly near the
center. For higher values of m, the peaks are farther
away from the central axis. All above results give the
conclusion that the electrons having lower occupied
states are located near the center, whereas the electrons
having higher occupied states are accumulated farther
from the center in the range of 15 to 30 nm for the Ge
nanowires.

Table 2. Contribution of each state in percentage for (1), (2)

Electron Potential Energy (eV)

and (3).
Nanowire m P1 (%) P2 (%) P3 (%)
Material
Ge 0 19.24 11.55 9.84
1 41.38 21.99 20.92
2 29.20 24.24 20.71
3 7.81 18.31 18.87
4 1.76 16.35 17.36
5 0.61 7.55 12.29
GaN 0 96.32 17.51 7.55
1 3.66 36.81 23.68
2 0 27.36 25.62
3 0 9.98 21.08
4 0 4.79 14.48
5 0 3.33 7.55
ZnO 0 14.44 1.59 0.87
1 47.33 22.24 20.98
2 27.96 31.82 20.70
3 6.26 24.44 20.91
4 3.18 17.05 20.31
5 0.82 2.54 16.22
(b)
m=0
m=1
m=2

Probability Density (arbi. unit)

Radius (nm)

Fig. 2: Ge: (a) Electron density profiles normalized with doping concentration ED with doping and electron potential energy

(EPE), (b) Probability density for different azimuthal numbers (m).
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The radial distribution of electron density function and
confining potentials are shown in Fig. 3 and 4 for the cases
of GaN and ZnO, respectively. Each figure demonstrates
carrier probability distributions which also have
contributions in the oscillations. The contributions from
individual m are demonstrated in the percentage in Table
2. For GaN, as shown in Fig. 3(a), there is no contribution
of the first two m values. For the second oscillation, the
first three m values have made above 30% while the last
three m values have made less than 10%. In the case of the
third oscillation, all the m values have contributed around
20% except the 1st and last ones which have contributed
less than 10%. Figure 3(b) shows the probability densities
which proves again that the states having lower energy are
in the center. The peaks for higher energy states are farther
away from the center. The confining potential plot
indicates the depletion of states from the center and pinned
at the surface at the value half of the band gap which is

: — PS (a)

Electron Density / Doping
>

20 25 30 35
Radius (nm)

0 5 10 15 40 45 50

-0.5

---------------------------- -0.0

~1.70 eV39,

The electron density function for ZnO has been shown
in Fig. 4(a) along with the probability density function in
Fig 4(b). The percentage contributions of the states in the
density profile are shown in Table 2. For the first
oscillation, the maximum contribution is 47% whereas
gradual decreasing of ~31% and ~21% are for the 2nd and
third oscillations, respectively. It’s  worthwhile
mentioning, even though the average contributions for
these 6 states are around 20% for the 3rd oscillation, for
the first oscillations last three states have contributions of
less than 10%. The confining potential plot indicates the
depletion of states from the center and pinned at the
surface at the value half of the band gap, which is ~1.69
eV, Like Ge and GaN, ZnO also shows that the non-zero
angular momentum states are accumulated at the interior
of the cylindrical quantum wire.

‘x (b)
m=0

‘ m=1

‘k — m=2

\

Electron Potential Energy (eV)
Probability Density (arbi. unit)

T T

35 40 45 50

Radius (nm)

Fig. 3: GaN: (a) Electron density profiles normalized with doping concentration and electron potential energy (EPE), (b)
Probability density for different azimuthal numbers (m).

14 —— 2.0
].2' E ' ) e “‘\ (b)
é‘) 1.6 3 g \ —— m=0
S 1.0 8 2 \ m=1
= L1222 S} m=2
0.8+ 2z (\
= s 21|
= p=} s I\
R 0.6 ER-1R!
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5 0.4 E E |
25 "I’x -0.4 3 —5 “ \
0.2 B~ /%
B == [0 A"?‘YQ@Q&&J/& .
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Radius (nm) Radius (nm)
Fig. 4: ZnO: (a) Electron density profiles normalized with doping concentration and electron potential energy (EPE), (b)
Probability density for different azimuthal numbers (m).

Figure 5 shows the comparison of the potential energy

of these three materials with respect to radius. The

potential energy can be related to one of the surface effects
i.e. surface band bending (SBB). SBB can be defined as
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the bending of the conduction layers at the surface
from/towards the Fermi level based on the doping type.
This type of surface effect significantly affects the optical
properties of nanowires, e.g., photoresponsivity,
photocarrier relaxations, and so on. The SBB for Ge, GaN
and ZnO are 0.35, 1.7 and 1.69, respectively which are
obtained from surface Fermi-level-pinned energy. Since
0.3 eV is strong enough radial field for Ge NWs®, it can
be used for the separation of photogenerated carriers,
which in turn enhances the photo-gain of optoelectronic
devices. This generalization is true for GaN and ZnO NWs
as well.

The comparative analysis of electron potential energy
as a function of radius among Ge, GaN, and ZnO
nanowires aims to highlight the distinct confinement
characteristics of each material. These variations in
potential energy directly influence the carrier confinement
and spatial distribution of electron density, which are
crucial for determining the material's suitability for
optoelectronic  applications. For instance, stronger
confinement (as observed in materials with higher
potential energy variation) can lead to enhanced quantum
efficiency in devices like quantum dot lasers or
photodetectors. This analysis will provide insights to see
which material might be better suited for specific
applications based on the desired confinement properties
and operating conditions.

2.0
© Ge 1
1.6 * GaN &
<& ZnO S

<

Electron Potential Energy (eV)

*
0.8- *
<><>
0.4 Q{pﬁ’ g
V4 (>
©
52 ¢
O RECRORGeO e 00000
0 5 10 15 20 25 30 35 40 45 50

Radius (nm)

Fig. 5: Comparison plot for three materials. Electron
potential energies of three materials with respect to radius
showing Fermi-level-pinned energy which has great impact in
the photogenerations gain.

4. Conclusion

This paper describes a computational approximation for
electron confinement in quantum nanowires of Ge, GaN,
and ZnO with Fermi-level-pinning boundary conditions
and the coupled Poisson and Schrédinger models of the
electron states. Low-temperature (T = 10 K) effects of the
carrier density profile, and electron potentials show
Friedel oscillations. This FO can be attributed to the
completely depleted or smaller number of sub-bands.

Among different oscillations, the contributions of the
azimuthal quantum numbers have also been shown here.
The numerical results illustrated that the quantum
numbers nearest to the center have higher contributions.
The radial dependence of electron potentials has been
demonstrated here. This electron potential gives the
surface band bending for all three nanowires, which can
be considered enough potential energy for
photogeneration gain. This study is the groundwork for
investigating the physical phenomena in the low-
dimensional structures (here NWs) that can be considered
for obtaining the crucial and beneficial transport
properties. Moreover, this work can enhance the
understanding of the electron confinement behavior of
semiconductor materials in nanowires, which could be
important in developing the next generation of quantum
electronics.
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