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G o W N

Abstract: This study investigates the effect of quantum size and an external magnetic field on the
optoelectronic properties of a cylindrical Al,Ga;_,As/GaAs-based core/shell nanowire. We used the
one-band effective mass model to describe the Hamiltonian of an interacting electron-donor impurity
system and employed two numerical methods to calculate the ground state energies: the variational
and finite element methods. With the finite confinement barrier at the interface between the core and
the shell, the cylindrical symmetry of the system revealed proper transcendental equations, leading
to the concept of the threshold core radius. Our results show that the optoelectronic properties of
the structure strongly depend on core/shell sizes and the strength of the external magnetic field.
We found that the maximum probability of finding the electron occurs in either the core or the
shell region, depending on the value of the threshold core radius. This threshold radius separates
two regions where physical behaviors undergo changes and the applied magnetic field acts as an
additional confinement.

Keywords: core/shell; nanowire; magnetic field; donor impurity; binding energy; photoionization
cross-section

1. Introduction

In view of the development of new tools for elaboration, observation and analysis of
new architectural nanostructures, nanosciences and nanotechnologies have experienced
dazzling advances so far. Among all types of nanomaterials, one-dimensional (1D) nanos-
tructures display novel sensing and light harvesting applications [1-7]. The progress of
energy storage and conversion devices have been enabled by surface and architectural
engineering of the chemical and physical properties of 1D materials [8-11]. Semiconductor
nanowires (NWs) have also found a place in biology and medicine. Indeed, nanoelec-
tronic devices based on 1D Si nanowires that have been employed to detect biomolecules,
biomarkers and viruses [12,13] exhibited remarkable performance in bioelectronic and
drug delivery applications [14,15]. Nanotechnologies—formalization of the concepts and
processes of nanosciences in applications—already have broad fields of application with
1D materials and a set of prospective fields will undoubtedly have major benefits and new
functional properties in the years to come; by increasing the possibilities in the synthesis of
these structures with distinct types of materials to yield complex compositions.

With recent advances in material manipulation at the nanoscale, the size and shape
of nanostructures can be controlled to produce new architectural structures, such as the
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so-called core/shell structures. These structures provide alternative forms of charge carrier
quantum confinement. Among the first colloidal type-II systems studied were CdTe/CdSe
core-shell particles [16]. In these structures, the band offsets of the two materials cause
the electron to be located in the CdSe shell, while the hole is confined to the core of the
nanocrystals. However, the first successful attempts to grow Type-I core-shell systems were
for CdSe/ZnS [17,18] and soon after for CdSe/CdS [19]. In this case, the band alignment
leads to confinement of the charge carriers in one side only, either inside the core or the
shell. Today, a variety of Type-I and Type-II core-shell structures can be synthesized from
group III-V or II-VI bulk semiconductors. In particular, core-shell nanowires have been
the subject of interest for many researchers from an experimental point of view. These
structures can be readily combined with properly designed metallic components and
serve as key building blocks for unique photonic and optoelectronic nanodevices with
unprecedented optical functions [20]. Furthermore, they can be synthesized with varying
core and shell diameters [21]. Recently, more studies have investigated the development of
core-shell nanowires using different processes [22-26].

Theoretical studies of nanostructures involve the use of computational models and
simulations to understand the properties and behavior of nanoscale materials. These
studies are important for guiding the design and development of materials with specific
properties tailored for particular applications. They can provide a deeper understanding
of the nanoscale phenomena that occur in materials and help to guide the development
of materials with enhanced properties and functionalities. The size and shape effects of
nanostructures result in quantization of electronic structures and resultant physical proper-
ties that differ significantly from those of bulk systems. Nowadays, some studies are being
conducted on core/shell NWs to reveal their unique physical properties. Using the Monte
Carlo approach, Dan et al. have investigated the magnetic and thermodynamic properties of
a cylindrical ferrimagnetic Ising nanowire system with core/shell structure [27]. Within the
first-principles calculations, S.U. Rehman et al. have studied the optoelectronic properties
of ZnS NWs and Zn/Si core/shell NWs oriented along different directions [28]. They have
shown that the electrical and optical properties are strongly dependent on the orientation
of the structures. J. Zheng et al. have reported a theoretical description of the electronic and
optical properties of GaN/AIN core/shell NWs [29]. They have demonstrated that these
properties are sensitive to the core and shell sizes. By numerical solution of the Schrodinger
equation within the effective mass approximation, M. Kouhi has theoretically investigated
the effect of incident light intensity, relaxation time, core radius and shell thickness on
linear, nonlinear and total optical absorption coefficients and refractive index changes in
GaN/AlGaN core/shell NWs [30]. In addition, doping materials is an important technique
to tailor their properties for specific applications. In the case of core/shell NWs, the doping
process can be carried out by introducing impurities in either the core or the shell material.
For example, doping the core material can change the electrical properties of the core and
thus affect the overall properties of the nanowire. Similarly, doping the shell material can
modify the optical properties of the nanowire [31-33]. Despite the theoretical research that
has been carried out so far, it remains insufficient to unveil all the fascinating properties of
the core/shell NWs found by experiments.

This paper presents a theoretical description of the electronic and optical properties
of cylindrical core/shell NWs. To determine the electron ground state energy inside this
structure, we shall adopt the one-band effective mass model from which the coupling
between conduction and valence band is disregarded. Within an appropriate trial wave
function, we shall calculate the electron ground state energy under an applied external
magnetic field using the variational method. We shall also analyze the interaction between
the electron and a donor impurity assumed to be localized in the core region, through the
calculation of the binding energy and the photoionization cross-section. The organization
of this work is as follows: the generalized electron-impurity Hamiltonian and mathematical
formulas to compute the electronic and optical properties are given in Section 2. Physical
parameters used in calculation and results are reported in Section 3. Then, the physical
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properties in question are discussed in Section 4. Finally, the summary of this work is
presented in Section 4.

2. Background Theory

The system under consideration is a core/shell nanowire with cylindrical symmetry,
containing a confined electron-donor impurity system. Due to the cylindrical symmetry,
the degree of freedom of the electron is reduced from 3 to 1. We assume that the core
material is made of AlyGa;_,As with a radius of 4, covered by GaAs shell material with a
radius of b. The core/shell structure is embedded into a matrix material with a wide band
gap. As a result of the difference in band gap between the core and shell materials, we
can consider the potential barrier to be finite in the core region and infinite in the exterior
region. Figure 1 provides a schematic illustration of our model and the corresponding
conduction band structure. Within the framework of the effective mass approximation, the
Hamiltonian governing the electron-donor impurity system in the presence of an external
magnetic field along the z-axis is given by:

H —L(I_’)—eﬁ)Z—L+Vi(r) (i = core, shell) 1)
D= 2mz(i) gt —7p| e v T

Z-axis

0 [}

Al Ga, As

. GaAs

Figure 1. Schematic illustration of the cylindrical core/shell nanowire and the corresponding con-
duction band structure. The core is taken to be Al,Ga;j_,As material with controllable radius a,
surrounded by GaAs material-based shell with radius b. we assume that the structure is under the
effect of an external magnetic field B along the z-axis.

The averaged interaction of the electron with host atoms and other electrons is felt as
if it has an effective mass m;, which properly depends on each material and strongly differs
from the electron’s rest mass in vacuum . P = —iiV and A represent the momentum
operator and the vector potential, respectively. The Coulomb interaction between the
electron and donor impurity is expressed as a function of the material dielectric constant ¢;
and the distance electron-impurity, which is the difference between the electron and the
impurity positions 7, and 7p, respectively. We assume that during the motion the electron
undergoes a square confinement potential. With regard to the nanowire (2D confinement),
it is evident that V/(r,) will be strongly pronounced in the lateral direction of the cylinder
(p). So that for a best solution of the Schrédinger equation, our approach involves modeling
it as the sum of an infinite square well along the z-direction with a large size & (the height
of the core/shell) and a radial confinement expressed as:

Ve =V, for 0<pe<a
Ve(oe) =3 VMl =0, for a<p,<b )
00 Otherwise.
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where V) is the potential barrier between the core and shell regions. For a uniform magnetic

field, we can write A(7,) = %B A Te. Using the cylindrical coordinates system, the effective
2

Bohr radius af, = % as unit for length and R}, =

rewrite the Hamiltonian as follows:

2
¢ .

~—%—+ as unit for energy, we can
2egpenap gyr

—pV? = il o2y L+ 500+ Vo, i 0<pe<a

Ecore
H.p = (3)
B v vL, + }172p§, if a<pe<b

‘?[’_?Dl

Zl{“lc is a dimensionless measure of the
D

where y = - s the effective mass ratio, v =
core

magnetic field where w, = miB is the cyclotron frequency of the electron and L, is the

shell
z-component of the angular momentum in units of 7.

The exact solution of Schrodinger equation Hopep (7ep) = E.p(B)y.p(Fep) seems
impossible; therefore, the variational approach will be the approved method in this work.
We assume that the wave function ¢,p (7,p) can be written as the production of the three
functions f(p.), h(¢.) and g(z.) describing the state of the electron without impurity,
with two other functions satisfying the magnetic perturbation and the Coulomb inter-
action with donor impurity, which are exp(—A1p2) and exp(—Ayr.p), respectively. With
rep = v/ (0e — pp)? + (ze — zp)?, A1 and A, are variational parameters.

The boundary and continuity equations for the wave function and its derivative must
be ensured to determine the electron energies. In addition, the wave function must be finite
for p. —0 to fulfill the normalization condition. After detailed calculations, the electron
wave function by rotation of angle ¢, around the growth axis is 1(¢,) = ¢ and along
the z-axis g(z.) = e’*=%. Note that the solution of the Schrodinger equation along the radial
direction requires to consider two possible cases, E,, < Vj and E., > Vp, leading to the
following ordinary and modified Bessel functions:

- For E¢p < W

Allm(\/ VOHEEPPE)/ if 0 < pg <a

fpe) = @)
Bl]m(\/Eiep e>‘|‘Ym(\/E7ep e)/ if ﬂ<pg<b.

- FOI‘ Eep > VO

A2]m< ESPHVOPB>/ if 0<pe<a
floe) = &)

B2]m(\/ Eep e) +Ym(\/Egp g), if a<pe< b.

m = 0,%£1,... is the Bessel function order on one side and the magnetic quantum number
on the other, since it comes from the term L, of the Hamiltonian. I, is the modified Bessel
function of the first kind, J,;; and Y}, are the ordinary Bessel function of the first and second
kind [34]. A1, By, Az and B; are constants to be determined. First, we can write the total
energy of the electron without taking into account the influence of the magnetic field and
the presence of the donor impurity as:

Ee - Eep - En,m (6)

It is obvious that this energy depends on the proper quantum numbers m and #n, which
denote the Bessel function order and the n'* solution of the transcendental derived from
the boundary conditions, respectively. In particular, the ground state energy corresponds
ton = 1,m = 0. Therefore, the energy E., = E; o satisfies the following equation:
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- For E,p <V

A VG/; - 1)11 <Wa> = B (/Eep) = Y1 (/Eepn) 7)

A1:]0( Eepb) Yo (y/Eepa) +Yo (y/Eepb) Jo (/Eep?)
IO< Vo;Eepu>]0( Eepb)

with:

Yo (y/Eeob)
By = — -V )
! ]0( Eeph)

- ForE, >V

(1= 2 (2 = ma () o0 () @

Ay — Jo(v/Eeob) Yo (/Eep) +Yo (/Eepb) Jo (/Eept)
2= Eep—V,
o (VEE2 ) o (V/Et)

with:

Yo(+/Eepb)

By = —
2 Jo(\/Eeob)

Next, we shall establish the electron energy levels taking into account the presence of
the external applied magnetic field along the z-axis. In this case, it will be difficult to make
the Schrodinger equation in a usual form whose solution is known. However, the use of a
numerical method is strongly recommended. For a suitable choice of the trial wave function
with the variational method, we performed another calculation using the finite element
method (FEM) via Comsol Multiphysics software, which is a well known and established
approach to solving the governing Partial Differential Equations (PDEs) numerically [35].
A good agreement is found between the two methods for the calculation of the electron
ground state energy under the magnetic field effect (denoted Eg,(B)), according to the
following approximate wave function:

Pe(pe) :f(PE)e(prg) )

Then

— min < Pe(0e)|Hoe(B)|e(pe) >
Foe(B) = < Pelpe) e (00) > (10)

where A is the related variational parameter and Hy,(B) is the single electron Hamiltonian
with respect to the presence of the magnetic field B. This last one is given by:

Hoe(B) =

{ —uV2+pyL + 5% 0R+ Vo, i 0<pe<a
(11)

—V2 4+ 9L + 17202, if a<pe<b
After this detailed calculation, we can now calculate the ground state energy of the

electron-donor impurity system E,p(B) by minimizing the expectation value of H,p given
in Equation (3), with respect to the variational parameters A; and A;:

EeD<B) — min < lpeD(reD)‘HetheD(VeD) >

T oo (Fon) fen (o) > (12)

In the following, the calculated photoionization cross-section can be used to describe
the process of removing an electron from the impurity atom that is embedded in the core
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material. The impurity can be excited by the incident photon, which can then lead to the
removal of an electron from the impurity. It is usually denoted by the symbol ¢ and has
units of square meters (m?). In the dipole approximation, it is given by the expression [36]:

2 *
a(hw)_W”‘l@S(P]@:{)f) (me>2hw2‘<‘1’i|?.r—g|‘1’f>‘25<Ef—Ei—Flw) (13)
7

ny moy

2, . . I .
where aps = £ is the fine structure constant, 7w is the incident photon energy, n, is

the refractive index of semiconductors, F,f¢/ Fy is the ratio of effective electric field of the
incoming photon to the average electric field in the medium. Since the ratio is not known

to affect the shape of the photoionization cross-section, it is generally set equal to unity. ?

is the light wave polarization vector and my is the free electron mass. ('¥;] oY ) is the
matrix element between the initial and final states of the dipole moment of the impurity.
Ef and E; are the energies of the final and initial states, respectively. The final state wave
function corresponds to ¢ (p.), while the initial state corresponds to the donor impurity
wave function ¢,p (7.p). It is worth mentioning that we have considered the case where
the polarization vector is contained in the xy-plane (perpendicular polarization), so due to
the invariance of the system by rotation around the z-axis the polarization of the incident
radiation may then be chosen in the x-direction. Finally, the Dirac delta function is usually
substituted by a Lorentzian one via the following expression:

6(Bf—Ei—hw) = L (14)

(B~ E —hw)2+r2

where I' is the hydrogenic impurity linewidth taken as 0.1R7,.

3. Results

Our theoretical study of Al,Ga;_,As/GaAs-based core/shell NWs with cylindrical
geometry was carried out for the alloy concentration x = 0.1. Our results are obtained
using the following parameter values: Since the crystal structures and lattice constants of
Al,Gaj_,As and GaAs are very closed, we expect negligible strain at the interface and the
dielectric mismatch effect. The conduction band barrier height energy Vo = Q. x 1.247x
where the conduction band offset Q. is taken to be about 63% of the band gap differences
between the two considered materials [37,38]. The dielectric constant in the core and
shell region is €core = 13.18 — 3.12x and €45,y = 13.18, respectively. Several analyses have
shown that the energy band gap can be expressed as a linear function of Al content x as
E¢(eV) = 1.424 +1.247x [39,40], also for the effective mass of the electron, which can be
expressed in units of the free electron mass mg by the formula m; = 0.063 + 0.083x. To
be within the size standards adopted for non-wires, we took throughout this study the
following sizes: the shell radius b = 2a7, and the height i = 20a},. For GaAs material, the
dimensioning units are: a}, = 11.088 nm, R}, = 4.932 meV and <y = 1 corresponding to the
external magnetic field B = 5.3682 Tesla.

4. Discussion

Our first discussion concerns the validity of the trial wave function choice given
in Equation (9) in order to later calculate the impurity ground state under the applied
magnetic field. In terms of comparison, we plotted in Figure 2 the variation of the electron
ground state as a function of the radii ratio a/b for different values of the magnetic field B
using both the variational approach and FEM. As can be seen from the figure, the obtained
values from both methods are very close, which confirms the good choice of the wave
function that describes the localization of the electron inside the structure. First of all, for a
small core radius (@ — 0), it is clear that the electron wave function strongly depends on
the shell radius b. Therefore, the electron is trapped inside the shell and occupies an energy
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level near the minimum of the GaAs conduction band. As soon as the core radius becomes
significant compared to the shell radius, the ground state level will have a higher energy,
which remains lower than the conduction-band offset until a threshold value a = ay, where
the fundamental energy eventually becomes higher than V. We note that the value of ag
is determined from the transcendental equation (Equation (7)), providing that the energy
Eg.(B) = Vj. In our case, the barrier energy in units of R}, is about 15.98 and it is assumed
to be unaffected by B. We can conclude from Figure 2 that the applied magnetic field
gives rise to an additive energy term to the electron energy without changing the behavior
according to the core/shell size. Thus, the electron moves much faster towards the shell
than in the case of zero field (7 = 0), leading to a slight reduction of the threshold value ay.

18

541
16 |
481
14 a2}

36,

30F

Energy EOC(R*D)

-Shell radius b = 2a;)
-NW height h = 20a;,

Variational approach

-~ --FEM

0 1 1 1 1 1 1 1 1 1
01 02 03 04 05 06 07 08 09

a/b ratio

Figure 2. Electron ground state energy of Al,Gaj_,As/GaAs core/shell NW with x = 0.1 calculating
via variational method (solid line) according to Equation (10) and via FEM implemented in COMSOL
Multiphysics (dashed line). The FEM is used by modeling the Schrodinger equation Ho,(B) . (p.) =
Ege(B) e (pe) with Partial Differential Equations model. The results of the two methods are sufficiently
consistent. The core radius was varied by the ratio (a/b) and three cases of the applied magnetic field
are considered: v = 1,1.5 and 2.

Contrary to an infinite confinement barrier, where the ground state energy increases
without bound as a function of the a/b ratio [36,41], the energy E.(B) begins to level
off once the electron exits the shell region. With a finite confinement barrier, the electron
has another mechanism of displacement inside the structure. Even with Ey.(B) < V),
there is always some probability for the electron to penetrate into the core region through
the tunneling effect. To estimate the probability of the electron’s presence in each region,
we display the radial probability density of the electron for three values of a < ag in
Figure 3 and three other values of 2 > g in Figure 4. The probability density has a peak
that represents the maximum probability of presence of the electron. In Figure 3, it can
be observed that as long as the core radius stays lower than the radius threshold or the
electron energy is less than the core barrier, the electron has a higher probability of being
inside the GaAs material than the Al,Ga;_, As. When the core radius is close to gy (here
ap = 1.5885a7)), the electron has an equal probability of being inside the core as well
as the shell. Moreover, it is noteworthy that the electron continually leaks towards the
core/shell interface. This may be predictable since there is an asymmetry of the applied
confinement potential from each shell interface. Once the electron reaches a sufficient
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energy Eg.(B) = V), it starts to have a higher probability of penetrating towards the core
side and heading towards the center as this area expands. Moreover, the results represented
in Figure 4 show that from a = 1.7a},, the probability density becomes localized only at
the core center with more pronounced peak amplitude as a values approach b = 2a7,. This
finding explains the stagnation of the electron ground state energy when the ratio of a/b
tends to 1, as shown in Figure 2. The behavior of the electron ground state energy under the
external magnetic field effect is depicted in Figure 5. The plot shows the curve of E,(B) for
three typical cases of core radius (a = 1,1.2 and 1.3a},). After suitable fitting, we observed
that this energy behaves as a quadratic polynomial function with the field B. This is mainly
due to the term of 72 in the Hamiltonian of the electron. For low values of the magnetic
field (y < 1), we remark that the electron energy is not influenced much and it remains
almost constant. Increasing the strength of the external magnetic field from v = 1, the
electron reacts with the field lines by increasing its energy. Since no spin degree of freedom
has been considered in this study, this increase in energy has only one explanation, which
is that the application of intense magnetic fields creates an additive potential energy to the
electron. On the other hand, this allows to reduce the threshold value of the core radius a;
by the fact that the electron can reach the energy E(.(B) = Vj. In our case, the threshold
value becomes (1.5a7,) for a value of v = 2.2 or (1.4a7,) for v = 3. In the same way, another
study showed that the barrier height V{) decreases as the magnetic field increases as a result
of variation of band offsets [42]; thus, the value of ag will be reduced.

a:l.4a;

a:1.2a;

.
a=la;

Ascendant

I ()

0.0 0.5 1.0 1.5 2.0
p— coordinate

Figure 3. Electron probability density in AlyGa;_,As/GaAs core/shell NW along the radial direction
o at zero magnetic field (y = 0). Three core radius values are considered a = 1,1.2 and 1.44}, less
than the threshold radius ag. Each linear representation corresponds to the planar representation,
which is the xy-plane cross-section of the electron density distribution at the middle of the cylinder.
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a=1.9a,

Ascendant

v (p)?

D

a=1.9a;

a=1.8a;
! a=l.7a;
0 1 1 1 L
0.0 0.5 1.0 1.5 2.0

p— coordinate

Figure 4. Electron probability density in Al,Ga;_,As/GaAs core/shell NW along the radial direction
p at zero magnetic field (y = 0). Three core radius values are considered a = 1.7,1.8 and 1.9a7, greater
than the threshold radius ag. Each linear representation corresponds to the planar representation,
which is the xy-plane cross-section of the electron density distribution at the middle of the cylinder.

18

*

Energy EOC(RD)

10

-Shell radius b = 2ay
-NW height h =20a,)

1 " 1 " 1 " 1 " 1 " 1

0.0 0.5 1.0 1.5 2.0 2.5 3.0
y—field

Figure 5. Variation of the electron ground state energy inside AlyGa;_,As/GaAs-based core/shell
NW, as a function of the magnetic field for different values of the core radius: from 1 by 0.1 to 1.5

a},. The pace of evolution is semi-parabolic, the magnetic field has a remarkable effect only from an
intensity v > 1.

This result can be further confirmed by analyzing the magnetic field’s effect on the
binding energy of the donor impurity, which is defined as E, = Eo.(B) — E.p(B). We
assume that the impurity can be localized at the core center, so that the Coulomb interaction
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term is added to the electron Hamiltonian. In Figure 6, the binding energy is plotted as
a function of the radii ratio a/b for different magnetic field values. The behavior of the
binding energy can practically be interpreted with what was discussed in Figures 3 and 4.
The Coulomb interaction is the main responsible factor since Ej, is inversely proportional to
the electron-impurity distance. Because the electron wave function is closed towards the
inner side of the shell when a < gy, the electron will move away from impurity every time
the core radius increases. The quantum confinement effect enhances the electron energy and
favors the penetration of wave functions in the core, leading to a strong impurity binding
energy. The variation of the energy E, then presents a minimum, which corresponds to a
large possible electron-impurity distance. This is the case where the electron begins to have
an energy very close to the barrier one. As is known, increasing the strength of the external
magnetic field enhances the electron ground state energy, bringing the electron closer to
the interface while Eg,(B) < Vj and then towards the core center once Eo.(B) > Vj, which
justifies the increase in the binding energy. Interestingly, the minimum of the Ej is slightly
shifted towards lower a/b ratio values. The attraction of the electron towards the impurity
can be seen clearly in the illustration of Figure 7 when we put in comparison the probability
of finding the electron inside the structure without and with the presence of the donor
impurity, (a) and (b), respectively. In general, the probability is proportional to the square
of the wave function ¢, (p.) for (a) and ¢.p(7.p) for (b). The probability density profiles for
energy levels of the ground state shows that, in the case of a single electron, the localization
occupies a large section in the pz-plane of 2D axi-symmetric view of the structure. However,
in the presence of an on-center donor impurity, the cross-section of the probability density
reduced as a result of the Coulombic interaction, which depends strongly on the quantum
size effect.

2.4
_,‘{:2
—y=15
—y=0

2.0

1.8

1.4

-Shell radius b = 2aj,
-NW height h =20a,,
-Donor at the core center

10F

01 02 03 04 05 06 07 08 09

a/b ratio

Figure 6. The calculated impurity binding energy as a function of the a/b ratio. The dimensionless
measure y of the magnetic field strength is varied from 1 by 0.5 to 2. The donor impurity is located at
the core center along the z-axis.
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Figure 7. The probability density distribution of the electron inside AlyGa;_,As/GaAs-based
core/shell NW with shell radius b = 2a}, and height i = 20aj,, for different values of the core
radius: from a = 1a}, by 0.2 to 1.8a},. The square of the wave function describes the ground state
level of (a) single electron and (b) electron-donor impurity system. The representation is the pz-plane
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cross-section with 2D axi-symmetric model.

As is known, the interaction between the electron and the impurity creates a localized
state in the band gap of the semiconductor material. This gives the opportunity to investi-
gate one of the optical properties—that of the impurity photoionization cross-section. The
process of photoionization occurs when a photon interacts with an atom, molecule or solid
and provides enough energy to remove an electron from the target material. In the context
of impurities, photoionization cross-section can be used to describe the process of removing
an electron from an impurity atom that is embedded in a host material. The impurity can
be excited by the incident photon, which can then lead to the removal of an electron from
the impurity. In the next figures, the coefficient ¢ calculated via Equation (13) is depicted as
a function of the incident photon energy (7iw) under the core radius effect (Figure 8) and
the magnetic field effect (Figure 9). In both cases, the PCS behaves as a Lorentzian function,
representing the probability transition of the electron from the impurity ground state level
to a single electron ground state level at the conduction band. The resonance peak occurs
when the energy of the incoming photon matches the energy required to excite the elec-
tron to realize this transition. We found that this energy is mainly related to the impurity
binding energy. For this reason, the shift of the resonance peak towards high energies is
obvious at once the core radius takes values greater than 1.4a7,. For a fixed core radius, the
increase of the external magnetic field also shifts the resonance peak position towards the
highest photon energy, especially when the core radius value exceeds the threshold value
ap = 1.5885a}, in the ascending order. Furthermore, we can see that the absorbed photons
refer to electromagnetic waves with frequencies ranging from 0.1 to 10 THz, which falls
between the microwave and infrared regions of the electromagnetic spectrum. Overall, the
optical responses of cylindrical Al,Ga;_,As/GaAs-based core/shell nanowires can make
them promising candidates for use in terahertz and infrared optoelectronics devices.
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Figure 8. On-center donor impurity-related photoionization cross-section coefficient in cylindrical

Al,Gaj_,As/GaAs-based core/shell NW as a function of the incident photon energy at zero magnetic
field. The core radius varies from 1.2a}, by 0.2 to 1.8a},.
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Figure 9. On-center donor impurity related photoionization cross-section coefficient in cylindrical
AlyGa;_,As/GaAs-based core/shell NW as a function of the incident photon energy for two typical
core radiuses a = 1.2a}, and 1.8a},. We take the following magnetic field strength: v =0, 1, 1.5 and 2.
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5. Conclusions

In this paper, we aimed to provide underlying theoretical tools in order to analyze the
behavior of charge carriers inside Al,Ga;_,As/GaAs-based core/shell NWs. The effective
mass model was adopted with the finite confinement barrier to give the mathematical
formalism allowing to investigate the electronic and optical properties. After an adequate
choice of the trial wave function validated by comparison with the finite element method,
our numerical calculations showed that except for the quantum tunneling, the penetration
of the electron wave function in the core region will be held if the core radius value is
greater than a threshold value ag to be determined, so that the electron ground state was
extremely sensitive to the core radius values. We also showed that the application of a
magnetic field along the z-axis of the structure enhances this energy and allows to reduce
the threshold value ay. We studied the optical properties through the interaction between
the electron and a donor impurity assumed to be localized at the core center. We found that
the impurity binding energy can be increased or decreased based on the core radius value
and is increased if the magnetic field increases. The calculated photoionization cross-section
proved that the resonance peak can have a remarkable shift towards high energy, once
the core radius is greater than 1.4a}, or for an intense applied magnetic field. Overall,
our results show that besides size control, wrapping NWs with another material offers
additional degrees of tuning NW optoelectronic properties.

Author Contributions: Conceptualization, M.E.-Y.; methodology, M.E.-Y.; software, M.E.-Y.; vali-
dation, EEM.F. and D.L.; formal analysis, M.E.-Y.; data curation, EM.F. and N.A.; writing—original
draft preparation, M.E.-Y,, J.E.H. and N.A.; writing—review and editing, S.B., EM.E, D.L. and P.D,;
visualization, N.A. and L.M.P,; Discussions and contribution in the interpretation of result, S.B.;
supervision, EM.E. All authors have read and agreed to the published version of the manuscript.

Funding: L.M.P acknowledges financial support from ANID through Convocatoria Nacional Sub-
vencién a Instalacion en la Academia Convocatoria Afio 2021, Grant SA77210040. D.L. acknowledges
partial financial support from the Centers of Excellence with BASAL /ANID financing, AFB220001,
CEDENNA. PD., LM.P. and D.L. acknowledge partial financial support from ANID through FONDE-
CYT 1231020.

Data Availability Statement: The data presented in this study are available on reasonable request to
the corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Ozel, T,; Bourret, G.R.; Mirkin, C.A. Coaxial lithography. Nat. Nanotechnol. 2015, 10, 319-324. [CrossRef]

2. Xu, Q.; Qiao, S.; Dutta, R.; Thai, M.L,; Li, X,; Eggers, C.J.; Chandran, G.T.; Wu, Z.; Penner, RM. A 30 um coaxial nanowire
photoconductor enabling orthogonal carrier collection. Nano Lett. 2015, 15, 5861-5867. [CrossRef]

3.  Chatterjee, U.; Park, ].H.; Um, D.Y.; Lee, C.R. [II-nitride nanowires for solar light harvesting: A review. Renew. Sustain. Energy Rev.
2017, 79, 1002-1015. [CrossRef]

4. Zhang, H.; Min, ] W.,; Gnanasekar, P.; Ng, T.K.; Ooi, B.S. InGaN-based nanowires development for energy harvesting and
conversion applications. J. Appl. Phys. 2021, 129, 121103. [CrossRef]

5. Asare-Yeboah, K,; Li, Q.; Jiang, C.; He, Z; Bi, S.; Liu, Y.; Liu, C. High performance and efficiency resonant photo-effect-transistor
by near-field nano-strip-controlled organic light emitting diode gate. J. Phys. Chem. Lett. 2020, 11, 6526-6534. [CrossRef]

6. Bi, S; Li, Q; He, Z.; Guo, Q.; Asare-Yeboah, K,; Liu, Y.; Chengming, C. Highly enhanced performance of integrated piezo
photo-transistor with dual inverted OLED gate and nanowire array channel. Nano Energy 2019, 66, 104101. [CrossRef]

7. Li, Q. Jiang, C; Bi, S.; Asare-Yeboah, K.; He, Z.; Liu, Y. Photo-Triggered logic circuits assembled on integrated illuminants and
resonant nanowires. ACS Appl. Mater. Interfaces 2020, 12, 46501-46508. [CrossRef]

8.  Luo, Z;Jiang, Y.; Myers, B.D.; Isheim, D.; W, |J.; Zimmerman, ].F.; Wang, Z.; Li, Q.; Wang, Y.; Chen, X.; et al. 3D LITHOGRAPHY.
Atomic gold-enabled three-dimensional lithography for silicon mesostructures. Science 2015, 348, 1451-1455. [CrossRef] [PubMed]

9. Jiang, Y.; Carvalho-de-Souza, ].L.; Wong, R.C.; Luo, Z.; Isheim, D.; Zuo, X; Nicholls, A.W.; Jung, W., II; Yue, J.; Liu, D.-].; et al.
Heterogeneous silicon mesostructures for lipid-supported bioelectric interfaces. Nat. Mater. 2016, 15, 1023-1030. [CrossRef]

10. Fu, Z.;He, H; Chen, S.; Wang, Y.; Ma, M.; Ye, M. Robust Heterometallic TbIII/MnII-Organic Framework for CO, /CH, Separation

and I, Adsorption. ACS Appl. Nano Mater. 2020, 3, 7428-7437. [CrossRef]


http://doi.org/10.1038/nnano.2015.33
http://dx.doi.org/10.1021/acs.nanolett.5b01941
http://dx.doi.org/10.1016/j.rser.2017.05.136
http://dx.doi.org/10.1063/5.0035685
http://dx.doi.org/10.1021/acs.jpclett.0c01642
http://dx.doi.org/10.1016/j.nanoen.2019.104101
http://dx.doi.org/10.1021/acsami.0c12256
http://dx.doi.org/10.1126/science.1257278
http://www.ncbi.nlm.nih.gov/pubmed/26113718
http://dx.doi.org/10.1038/nmat4673
http://dx.doi.org/10.1021/acsanm.0c01006

Nanomaterials 2023, 13, 1334 14 of 15

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

Nehra, M.; Dilbaghi, N.; Marrazza, G.; Kaushik, A.; Abolhassani, R.; Mishra, Y.K.; Kim, K.H.; Kumar, S. 1D semiconductor
nanowires for energy conversion, harvesting and storage applications. Nano Energy 2020, 76, 2211-2855. [CrossRef]

Stern, E.; Vacic, A.; Rajan, N.K,; Criscione, ].M.; Park, J.; Ilic, B.R.; Mooney, D.J.; Reed, M.A.; Fahmy, T.M. Label-free biomarker
detection from whole blood. Nat. Nanotechnol. 2010, 5, 138-142. [CrossRef]

Xie, P; Xiong, Q.; Fang, Y.; Qing, Q.; Lieber, C.M. Local electrical potential detection of DNA by nanowire-nanopore sensors. Nat.
Nanotechnol. 2012, 7, 119-125. [CrossRef] [PubMed]

Shalek, A.K.; Robinson, J.T.; Karp, E.S.; Lee, ].S.; Ahn, D.-R.; Yoon, M.-H.; Sutton, A.; Jorgolli, M.; Gertner, R.S.; Gujral, T.S.; et al.
Vertical silicon nanowires as a universal platform for delivering biomolecules into living cells. Proc. Natl. Acad. Sci. USA 2010,
107, 1870-1875. [CrossRef] [PubMed]

Duan, X.; Li, Y.; Rajan, N.K.; Routenberg, D.A.; Modis, Y.; Reed, M.A. Quantification of the affinities and kinetics of protein
interactions using silicon nanowire biosensors. Nat. Nanotechnol. 2012, 7, 401-407. [CrossRef] [PubMed]

Kim, S.; Fisher, B.; Eisler, H.].; Bawendi, M. Type-II quantum dots: CdTe/CdSe(core/shell) and CdSe/ZnTe(core/shell) het-
erostructures. J. Am. Chem. Soc. 2003, 125, 11466-11467. [CrossRef]

Hines, M.A.; Guyot-Sionnest, P. Synthesis and Characterization of Strongly Luminescing ZnS-Capped CdSe Nanocrystals. J. Phys.
Chem. 1996, 100, 468-471. [CrossRef]

Dabbousi, B.O.; Rodriguez-Viejo, J.; Mikulec, EV.; Heine, ].R.; Mattoussi, H.; Ober, R.; Jensen, K.E.; Bawendi, M.G. CdSe ZnSe
Core-shell quantum dots: Synthesis and characterization of a size series of highly luminescent nanocrystallites. J. Phys. Chem.
1997, 101, 9463-9475. [CrossRef]

Peng, X.G.; Schlamp, M.C.; Kadavanich, A.V,; Alivisatos, A.P. Epitaxial Growth of Highly Luminescent CdSe/CdS Core/Shell
Nanocrystals with Photostability and Electronic Accessibility. J. Am. Chem. Soc. 1997, 119, 7019-7029. [CrossRef]

Kim, K.H.; No, Y.S. Subwavelength core/shell cylindrical nanostructures for novel plasmonic and metamaterial devices. Nano
Converg. 2017, 4, 32. [CrossRef]

Ozel, T.; Zhang, B.A.; Gao, R.; Day, R.W.; Lieber, C.M.; Nocera, D.G. Electrochemical Deposition of Conformal and Functional
Layers on High Aspect Ratio Silicon Micro/Nanowires. Nano Lett. 2017, 17, 452. [CrossRef] [PubMed]

Mohammed, H.; Moreno, ].A.; Kose, J. Advanced fabrication and characterization of magnetic nanowires. Magn. Magn. Mater.
2017, 2, 137-164.

Plfachta, J.; Kaleta, A.; Kret, S.; Kazimierczuk, T.; Polczynska, K.; Kossacki, P.; Karczewski, G.; Wojtowicz, T.; Kossut, J.; Wojnar,
P. Polarization and magneto-optical properties of excitonic emission from wurtzite CdTe/(Cd, Mg) Te core/shell nanowires.
Nanotechnology 2020, 31, 215710. [CrossRef] [PubMed]

Sun, Y.-L.; Zheng, X.-D.; Jevasuwan, W.; Fukata, N. Silicon Nanotubes fabricated by wet chemical etching of ZnO/Si core—shell
nanowires. Nanomaterials 2020, 10, 2535. [CrossRef] [PubMed]

Chen, M,; Xu, L.; Wang, J.; Liu, B.; Wang, K.; Qi, Q.Y.; Yang, X.; Chai, W.; Yang, P.; Zhang, W.; et al. Fe-Ion-catalyzed synthesis of
CdSe/Cu core/shell nanowires. Inorg. Chem. 2021, 60, 2614-2622. [CrossRef] [PubMed]

Monaico, E.V.; Morari, V.; Ursaki, V.V.; Nielsch, K.; Tiginyanu, .M. Core-shell GaAs-Fe nanowire arrays: Fabrication using
electrochemical etching and deposition and study of their magnetic properties. Nanomaterials 2022, 12, 1506. [CrossRef]

Lv, D,; Jiang, W.; Ma, Y.; Gao, Z.; Wang, F. Magnetic and thermodynamic properties of a cylindrical ferrimagnetic Ising nanowire
with core/shell structure. Phys. E Low-Dimens. Syst. Nanostruct. 2018, 106, 101-113. [CrossRef]

Rehman, S.U.; Hafeez, M.; Uddin, W.; Khan, S.A.; Lu, Q.; Wei, L.; Saeedc, M.; Sohailc, M.; Saleemic, A.S.; Kumara, S.; et al.
Orientation dependent electronic and optical properties of ZnS nanowires and ZnS—Si core shell nanowires. Appl. Surf. Sci. 2019,
486, 539-545. [CrossRef]

Zheng, J.; Li, E.; Yan, J.; Cui, Z.; Ma, D. Electronic and optical properties of GaN/AIN core-shell nanowires. Mod. Phys. Lett. B
2020, 34, 2050021. [CrossRef]

Kouhi, M. Nonlinear optical absorption in the core shell nanowire. Int. J. Mod. Phys. B 2017, 31, 1750164. [CrossRef]

Ha, S.H.; Zhu, ]. Temperature effect on shallow impurity states in a wurtzite GaN/Al,Gaj_,N core-shell nanowire. Phys. E
Low-Dimens. Syst. Nanostruct. 2020, 122, 114179. [CrossRef]

Ha, S.H.; Zhu, ]. Hydrogenic impurity-related optical properties in a piezoelectric core—shell nanowire. J. Appl. Phys. 2020,
128, 034305. [CrossRef]

Tshipa, M.; Winkoun, D.P.; Nijegorodov, N.; Masale, M. Donor impurity binding energies of coaxial GaAs/Al,Ga;_,As cylindrical
quantum wires in a parallel applied magnetic field. Superlattices Microstruct. 2018, 116, 227-237. [CrossRef]

Arfken, G.B.; Weber, H.]J. Bessel functions. In Mathematical Methods for Physicists; Academic Press: San Diego, CA, USA, 2005;
pp- 675-739.

COMSOL Multiphysics® v. 5.6; COMSOL AB: Stockholm, Sweden, 2020. Available online: www.comsol.com (accessed on 17
September 2022).

Feddi, E.; El-Yadri, M.; Dujardin, E; Restrepo, R.L.; Duque, C.A. Photoionization cross-section and binding energy of single
dopant in hollow cylindrical core/shell quantum dot. J. Appl. Phys 2017, 121, 064303. [CrossRef]

Aktas, S.; Boz, EX. The binding energy of hydrogenic impurity in multilayered spherical quantum dot. Physica E 2008, 40, 753-758.
[CrossRef]

Adachi, S. Heterojunction Band Offsets and Schottky Barrier Height. In Properties of Semiconductor Alloys: Group-1V, III-V and
II-VI Semiconductors; John Wiley and Sons: Chippenham, UK, 2009; pp. 275-305.


http://dx.doi.org/10.1016/j.nanoen.2020.104991
http://dx.doi.org/10.1038/nnano.2009.353
http://dx.doi.org/10.1038/nnano.2011.217
http://www.ncbi.nlm.nih.gov/pubmed/22157724
http://dx.doi.org/10.1073/pnas.0909350107
http://www.ncbi.nlm.nih.gov/pubmed/20080678
http://dx.doi.org/10.1038/nnano.2012.82
http://www.ncbi.nlm.nih.gov/pubmed/22635097
http://dx.doi.org/10.1021/ja0361749
http://dx.doi.org/10.1021/jp9530562
http://dx.doi.org/10.1021/jp971091y
http://dx.doi.org/10.1021/ja970754m
http://dx.doi.org/10.1186/s40580-017-0128-8
http://dx.doi.org/10.1021/acs.nanolett.7b01950
http://www.ncbi.nlm.nih.gov/pubmed/28621537
http://dx.doi.org/10.1088/1361-6528/ab7589
http://www.ncbi.nlm.nih.gov/pubmed/32050170
http://dx.doi.org/10.3390/nano10122535
http://www.ncbi.nlm.nih.gov/pubmed/33348576
http://dx.doi.org/10.1021/acs.inorgchem.0c03488
http://www.ncbi.nlm.nih.gov/pubmed/33494599
http://dx.doi.org/10.3390/nano12091506
http://dx.doi.org/10.1016/j.physe.2018.08.021
http://dx.doi.org/10.1016/j.apsusc.2019.04.251
http://dx.doi.org/10.1142/S0217984920500219
http://dx.doi.org/10.1142/S0217979217501648
http://dx.doi.org/10.1016/j.physe.2020.114179
http://dx.doi.org/10.1063/1.5145227
http://dx.doi.org/10.1016/j.spmi.2018.02.028
www.comsol.com
http://dx.doi.org/10.1063/1.4975648
http://dx.doi.org/10.1016/j.physe.2007.09.192

Nanomaterials 2023, 13, 1334 15 of 15

39. Adachi, S. Energy band structure: Energy band gaps of bulk materials. In GaAs and Related Materials; World Scientific: Singapore,
1994; pp. 135-178.

40. Boz, FK,; Beyza, N.; Aktas, S.; Okan, S.E. Energy levels of GaAs/Al,Gaj_,As/AlAs spherical quantum dot with an impurity.
Appl. Surf. Sci. 2016, 387, 76-81. [CrossRef]

41. El-Yadri, M.; Aghoutane, N.; El Aouami, A.; Feddi, E.; Dujardin, F; Duque, C.A. Temperature and hydrostatic pressure effects on
single dopant states in hollow cylindrical core-shell quantum dot. Appl. Surf. Sci. 2018, 441, 204-209. [CrossRef]

42. Peter, A.J. Impurity states of donors in a diluted dagnetic duantum dot. Comput. Theor. Nanosci. 2008, 5, 2396-2421. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1016/j.apsusc.2016.06.035
http://dx.doi.org/10.1016/j.apsusc.2018.01.195
http://dx.doi.org/10.1166/jctn.2008.1206

	Introduction
	Background Theory 
	Results 
	Discussion 
	Conclusions 
	References

