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Abstract. This paper presents a theoretical study of the energy spectra of electrons, holes, and
excitons in tetrapod-shaped semiconductor quantum dots. To provide an adequate physical description
of the complex three-dimensional morphology of the nanocrystals, three realistic macroscopic
geometric models are proposed and systematically compared. The calculations are performed within
the effective mass approximation using a finite potential barrier model. The numerical solution of the
stationary Schrodinger equation for single-particle electron and hole states, as well as the calculation
of the total exciton energy, is carried out using the Finite Element Method. It is established that the
spatial overlap at the geometric core-arm junction determines the regime of strong spatial quantum
confinement. The analysis of the results reveals a complex non-monotonic dependence of the electron
and exciton ground-state energies on the height of the tetrapod arms. This behavior is driven by a
strong physical competition between the localization of charge carriers within the central core and
their penetration into the available volume of the epitaxial arms. It is demonstrated that when the core
volume dominates, the geometric narrowing at the junction creates an effective potential barrier that
locks the carrier wave function in the center of the nanostructure, inevitably leading to an increase
in energy. Conversely, it is convincingly shown that the fundamental exciton transition energy is
practically independent of the overall arm length and is primarily determined by the core radius and
the arm thickness. The theoretical results from the cylindrical model demonstrate excellent quantitative
agreement with the optical spectroscopy data of synthesized long-arm CdSe tetrapod. The discrepancy
observed for short-arm tetrapod highlights the sensitivity of the energy spectrum to surface states and
structural imperfections at the nanoscale.
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1. INTRODUCTION

Tetrapod-shaped semiconductor quantum
dots (QDs) attract significant attention in the
fields of computational nanophysics and materials
science due to their unique characteristics, which
open up broad possibilities for applications in
modern nanotechnologies. Their branched three-
dimensional structure, consisting of a central
core and four epitaxially grown arms, creates
conditions for strong and asymmetric quantum
confinement of electrons, holes, and excitons. Due
to the ability to fine-tune the energy spectrum,
such nanostructures (particularly GaAs/AlGaAs)
are highly promising for the development of
high-speed optoelectronic devices, infrared
detectors, and quantum computing systems,
where nonlinear optical effects, such as nonlinear
optical rectification, play a significant role [1,
2]. Furthermore, the ability of the tetrapod
arms (for example, in CdSe/CdS structures)
to act as dynamic levers allows them to
transform local mechanical strains into shifts in
photoluminescence peaks, making them ideal
nanoscale strain gauges [3, 4]. The integration
of such fluorescent probes into polymer matrices
enables the creation of "smart" nanocomposites
for the precise measurement of microscopic
mechanical stresses with a high dynamic range,
which is of importance for both fundamental
biomechanics and monitoring the structural
integrity of materials [5].

The formation of complex tetrapod-shaped
nanostructures is the result of fine control over
crystallographic polymorphism during colloidal
synthesis [6]. The process is typically initiated by
the nucleation of a central core in the cubic zinc
blende phase. Since the {111} facets of this cubic
lattice are structurally equivalent to the basal
planes of the hexagonal wurtzite phase, they serve
as ideal nucleation sites for the epitaxial growth
of the arms. By rapidly changing thermodynamic
conditions (specifically, temperature and precursor
concentration), the reaction is driven into a
strict kinetic regime. This stimulates the rapid
anisotropic growth of four hexagonal arms along
the c-axes, while thermodynamically blocking
further isotropic growth of the cubic core itself.

Such a mechanism allows for precise and
independent control over both the diameter of
the central core and the geometric parameters
(length and thickness) of the arms, which is a
critical tool for the spatial engineering of wave
functions and tuning the energy spectrum
of charge carriers in such heterostructures.
Furthermore, the introduction of transition metal
impurities, such as copper, into the base CdSe
structures allows for additional modification of
their nonlinear optical characteristics and control
over photoluminescence processes [7, 8].

From a theoretical perspective, accurately
modeling the electronic structure and excitonic
states of tetrapod-shaped QDs requires sophis-
ticated numerical approaches due to their
complex three-dimensional geometry. Initial
computational studies focused on determining the
energy spectra of electrons, holes, and excitons in
bare II-VI tetrapods, such as CdTe, utilizing the
effective mass approximation and 3D numerical
solutions. These studies demonstrated how the
spatial localization of charge carriers sensitively
transitions between the central core and the
arms depending on the geometric dimensions
of the structure [9, 10]. Furthermore, theoretical
frameworks were subsequently extended to
complex core-shell architectures (e.g., CdTe/CdS
tetrapods) by incorporating continuum elasticity
theory. This allowed researchers to calculate the
spatial distribution of internal mechanical stresses
caused by lattice mismatch, which modifies the
band alignment and the overall optical properties
of the nanocrystals [11]. More recently, the
theoretical analysis of these nanostructures
has been generalized to account for external
macroscopic perturbations. For instance, detailed
computational models have been employed to
evaluate the photoionization cross-section,
revealing how variations in hydrostatic pressure,
temperature, and the polarization direction of
the incident light critically impact the optical
transitions and electronic confinement within
tetrapod QDs [12].

Building upon these theoretical foundations,
the exact geometric representation of the tetrapod
structure remains an important factor in accurately
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determining the energy states. In a recent study
[13], a geometric model of a tetrapod-like QD
was proposed where the arms were approximated
as spheres with their centers located precisely on
the surface of a central spherical core. However, a
primary limitation of this approach was the strict
dimensional constraint applied to the arm radii to
prevent their spatial intersection. To overcome this
limitation and provide a more physically realistic
description of the nanostructures, the aim of the
present work is to investigate the energy spectra
of electrons, holes, and excitons in tetrapod QDs
by employing and comparing more advanced
structural models. Specifically, we explicitly
account for the mutual intersection of the arms
in the modified spherical-arm configuration and
introduce an alternative conical-arm and cylindric-
arm model. In those novel geometries, the central
core remains a sphere (or absent), while the
four arms are modeled as cones (or cylinders)
whose theoretical vertices converge at the exact
center of the core. The calculations of the single-
particle and excitonic states for both geometric
configurations are performed numerically using
the Finite Element Method (FEM). Therefore
the main aim of this manuscript is systematically
comparing the resulting energy states between
these distinct morphological models, this study
aims to demonstrate how the geometric shape of
the arms and their interfacial overlap affect the
spatial confinement of charge carriers and the
overall optical properties of the system.

2. TETRAPOD MODEL

To calculate the energy states of charge
carriers (electrons and holes) in tetrapod-shaped
QDs, we employ the single-band effective mass
approximation. The spatial confinement of the
carriers is described by a three-dimensional
rectangular potential barrier model. Within this
framework, the single-particle Hamiltonian for an
electron or a hole is written

(1)

where h is the reduced Planck constant, and m
is the position-dependent effective mass of the
charge carrier, which takes distinct values inside

6

the semiconductor nanostructure and in the
surrounding matrix. The confinement potential U
is modeled as a finite 3D rectangular well, defined
as U = 0 inside the tetrapod domain and U = U,
outside the structure, where U, is the barrier
height determined by the band alignment of the
chosen materials.

The complex three-dimensional morphology
of the tetrapod QD is defined by a central core and
four symmetric arms oriented along the axes of a
regular tetrahedron. To systematically investigate
the influence of the nanostructure's shape on the
carrier energy spectra, we consider two distinct
geometric models.

A. The Intersecting Spheres Model

In the first configuration, the tetrapod is
constructed as a union of five spherical domains.
The central core is represented by a sphere
of radius a_, centered at the origin of the
coordinate system at (0,0,0). The four arms are
modeled as identical spheres of radius a_ . The
centers of these four arm-spheres are distributed
symmetrically along the four tetrahedral
directions. Unlike previous restricted models
[13], this configuration explicitly allows and
accounts for the spatial intersection of the arm-
spheres both with the central core and with one
another (Fig. 1a). This mutual overlap creates a
continuous, complex morphological boundary that
naturally reflects the volumetric blending of the
arms during growth.

B. The Conical-Arm Model

The second configuration provides an
alternative morphological representation,
combining a central spherical core with conical
arms. Here, the central core remains a sphere of
radius a, located at the origin. The four arms
are modeled as identical circular cones, each
characterized by a height A and a base radius
a, . A defining feature of this model is that the
theoretical vertices of all four cones converge
exactly at the center of the core (the origin).
Consequently, the height H is measured from the
origin to the center of the cone's base along its
central axis. The central axes of these cones are
aligned with the four tetrahedral directions. The
physically meaningful domain of the tetrapod is
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Figure 1. Geometric models of tetrapods.

thus formed by the union of the central sphere
and the expanding volumes of the cones that
protrude beyond the core's surface (Fig. 2b). This
geometric model closely mimics the epitaxial
growth dynamics, where the arm cross-section
gradually increases from the nucleation center
outward.

C. The Cylindrical-Arm Model.

The third configuration presents a geometric
model consisting exclusively of four intersecting
cylindrical arms, without a distinct central
spherical core. The arms are modeled as four
identical right circular cylinders, each defined
by a length L (measured from the center of the
structure) and a constant cross-sectional radius
a - The longitudinal axes of these cylinders
are aligned strictly with the four symmetric
tetrahedral directions, converging directly at
the origin (0,0,0). The physically meaningful
domain of the tetrapod is formed by the spatial
union of these four cylindrical volumes, which
naturally creates a branched central junction
through their mutual intersection. This model
accurately represents the morphology of highly
anisotropic, elongated tetrapods typically obtained
in colloidal synthesis, where the wurtzite arms
maintain a nearly constant diameter along their
entire epitaxial growth axis and seamlessly fuse
at the nucleation center.

To determine the electron and hole energy
spectra, the stationary Schrédinger equation
with the Hamiltonian (1) must be solved. Due
to the complex, non-trivial boundaries of the
intersecting spheres and conical-arm models,

analytical solutions are not feasible. Therefore, the
calculations of the single-particle and excitonic
states for both geometric configurations are
performed numerically using the FEM. In our
work, this numerical approach is implemented
using the FEniCS open-source computing
platform. The 3D physical domain of the quantum
dot and the surrounding matrix is discretized
into an unstructured tetrahedral mesh. The
continuous stationary Schrodinger equation is
then transformed into its weak variational form.
This reduces the differential equation to a sparse
generalized algebraic eigenvalue problem, which
is solved to obtain the energy levels (eigenvalues)
and the corresponding 3D probability density
distributions (wave functions) for the electrons
and holes.

For the correlated electron-hole pair
(exciton), the physical model must account for
the electrostatic attraction between the charge
carriers. The corresponding exciton Hamiltonian
is constructed by combining the single-particle
Hamiltonians (1) with the Coulomb interaction
term:

Hexc:He(Fe)+Hh(Fh)' e

amege|To-Th|

2)

where H.(7.) and A,.(7},) are the single-particle
operators for the electron and hole in form (1),
respectively, e is the elementary charge, ¢ is the
vacuum permittivity, and ¢ is the average dielec-
tric permittivity of the heterostructure.

Because a direct numerical solution of the
full 6D two-particle Schrodinger equation is com-
putationally prohibitive for such complex geom-
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etries, we employ a self-consistent iterative pro-
cedure based on the coupled Schrédinger-Poisson
system. The calculation of the excitonic state is
performed within the mean-field approximation
using the FEM through the following algorithm.
Initially, the single-particle stationary Schroding-
er equation is solved for the electron (assuming
no hole is present) to determine its unperturbed
ground-state wave function, ¥ (7). Using this
wave function, the spatial charge density of the
electron is evaluated. Subsequently, the 3D Pois-
son equation is solved numerically to find the
electrostatic potential @ () generated by the elec-
tron distribution:

V- (0P () el (P2 3)

The resulting Coulomb potential energy,
Ven (F)=-e®,(7), is then incorporated into the sin-
gle-particle Hamiltonian of the hole as an addi-
tional attractive confinement term. The modified
Schrédinger equation for the hole is solved to
obtain its localized wave function, ‘¥ (7).

In the next step, the charge density of the hole
is computed to solve the corresponding Poisson
equation for the hole-generated electrostatic
potential. This new potential is then fed back into
the electron's Schrodinger equation, updating its
potential energy landscape.

This coupled Schrodinger-Poisson iterative
loop is continuously repeated, recalculating the
wave functions and potentials at each step, until
the energy eigenvalues of both the electron and
the hole converge within a strictly predefined
numerical tolerance. Once self-consistency is
achieved, the total ground-state energy of the
exciton is calculated by summing the converged
kinetic and potential energies of the interacting
charge carriers.

In the final step, once self-consistency
is achieved, the total ground-state energy of
the exciton E_is calculated. It is important
to note that the converged single-particle
eigenvalues for the electron £, and the hole E,
both inherently include the Coulomb interaction
energy. Therefore, a direct summation of these
eigenvalues would result in double-counting the
electron-hole electrostatic attraction. To obtain

8

the correct total energy of the excitonic state, this
interaction energy must be subtracted:

Eexc=Ec+Ep-Ec, 4)

where E_. is the Coulomb interaction energy of
the electron-hole pair. In the framework of our
computational model, this term is calculated by
integrating the hole probability density over the
effective Coulomb potential landscape generated
by the electron:

B [ V@Il )
14
Therefore, the exciton energy has been
calculated.

III. ANALYSIS OF THE OBTAINED
RESULTS

The proposed geometric models of tetrapods,
evaluated numerically using the FEM in FEniCS,
were applied to calculate the energy states
of a CdSe tetrapod quantum dot embedded in
an organic matrix. For the QD, the effective
masses are m =0.11m  and m,=0.44m [10,13],
the dielectric permittivity is €=9.6, and the band
gap is E =1.74 eV [10]. In the surrounding
organic matrix, the carrier masses are assumed
to be m,=m,=m, . The environmental influence
at the phase interface is accounted for through a
finite-height potential barrier. Due to the marked
disparity in ionization energies and electron
affinities between the semiconductor and the
organic medium, the barrier heights were set to
U =4 ¢V for electrons and U, =2 €V for holes.

Initially, we considered the first geometric
configuration, where the tetrapod is modeled
as a system of intersecting spheres. A similar
geometric model was previously proposed in
[13], where the electron, hole, and exciton energy
spectra were calculated using the plane wave
expansion method. However, a primary limitation
of that earlier approach was the dimensional
constraint applied to the arm radii to prevent
their spatial intersection. Specifically, to avoid
the overlapping of the peripheral spherical arms,
the geometric parameters were mathematically
restricted to the conditiona  <0.816 a_ . In this
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work we do not use this condition. To validate our
current computational framework, we calculated
the single-particle states within this restricted,
non-intersecting regime. The results of our
numerical modeling, obtained using the FEM in
FEniCS in this work, perfectly coincide with the
data derived from the plane wave method in [13].
The corresponding comparative analysis of the
energy spectra is illustrated in the Fig. 2 below.

In the presented Fig 2, the vertical solid line
indicates the critical arm radius that separates
two distinct geometric regimes. To the left of this
line, the arm spheres do not intersect with one
another, corresponding to the strict geometric
constraint established in our previous work [13].
Within this region, the energy spectra calculated
using both the FEM and the plane wave expansion
method from [13] are shown to be in perfect
agreement. To the right of the vertical line, the
arms begin to spatially intersect. Because the
plane wave approach in [13] was limited to the
non-intersecting configuration, the energy states in
this overlapping regime are computed exclusively
using the FEM developed in the present study.

A completely analogous comparative
analysis was performed for the hole energy states.
The results similarly demonstrated excellent
agreement between the two numerical techniques

1400+
12004

1000

E, meV

J
/4

anrm ’ A

in the non-intersecting regime, although the
corresponding graphical representation is omitted
here for brevity.

Having successfully validated our FEM
approach and confirmed its consistency with the
plane wave method for the five-sphere model
(Geometry A), we can confidently extend our
numerical framework to investigate the alternative
morphological configuration. Consequently,
the validated FEM is subsequently applied to
calculate the both electron and exciton states in
the conical-arm tetrapod model (Geometry B) and
cylindrical-arm model (Geometry C).

Fig. 3 presents the non-monotonic
dependence of the electron ground-state energy
on the height of the conical arms H. The overall
difference between the curves is governed by the
quantum confinement effect: a smaller core radius
a,  confines the electron wave function more
strongly, which naturally shifts the entire energy
spectrum upwards. The non-monotonicity itself is
determined by the competition between the core
and the arms. If the cone base radius is comparable
to the core, a transitional geometry forms at
small H, hindering the electron's penetration
into the arms, so the energy initially increases,
as the electron density spreads into the arms (see
inset 3, Fig. 3). Only when the cones elongate

3000

>
2500 4
> 2000 3
@
;:5 1500 4
m
1000
0

anrm s’ A

Figure 2. Electron energy spectra in the tetrapod QD as a function of tetrapod
arm radius with fixed core radius. A — core radiusa_ =30 A, B — core radius
a =20 A. Black curve (1) corresponds to the ground 1s-state; red curve

core

(2) corresponds to the first 1p-state; green curves (3,4) represent the split
components of the first 1d-states; orange curve (5) is the first excited 2s-state.
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Figure 3. Electron ground-state energy in the conical-arm tetrapod QD as a function of the arm
height / for different core sizes. The arm base radius is fixed ata, =20 A. The left and right
insets visualize the 3D spatial distribution of the electron probability density for the specific
geometric configurations marked by numbers 1, 2, 3, 4, 5, and 6 on the energy curves.

sufficiently, increasing the available volume,
does the energy begin to decrease. In contrast,
if a larger core dominates over a narrow cone
base, the electron density is always concentrated
in the center. As long as the cone grows within the
sphere, the confinement is slightly relaxed, and
the energy locally drops. However, once the arms
protrude outward, the aperture of their intersection
with the core constantly narrows. This creates an
effective geometric barrier that strictly locks the
electron within the core (visualized in insets 1 and
2 Fig. 3), leading to a rapid increase in energy.

1870
1670
1470
1270

1070

E:E., meV

B0 T —

670 -

470

270-

H,A

Figure 4. Exciton ground-state energy
in the conical-arm tetrapod QD as a function
of the arm height A for different core sizes.
The arm base radius is fixed at a,.,= 15 A.
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The revealed localization patterns of the
individual charge carriers directly determine the
behavior of the exciton energy. Since the total
ground-state energy of the exciton comprises the
single-particle energies of the electron and the
hole minus their mutual Coulomb attraction, the
non-monotonic behavior of the carriers (governed
by the competition between the core and arm
volumes) leads to a similar dependence of the
exciton energy on the height H. Furthermore, the
analysis demonstrates that at sufficiently large
values of H, the exciton energy practically ceases
to depend on the cone height (the length of the
arms). Instead, it is predominantly determined by
the core radius and the arm thickness (the base
radius). This theoretical finding is in excellent
agreement with experimental observations [7, 8],
which confirmed that the fundamental exciton
transition energy in tetrapod-shaped nanocrystals
is dictated by the arm thickness rather than their
overall length.

A more realistic morphological representation
for synthesized colloidal nanocrystals is provided
by a tetrapod model consisting of four cylindrical
arms (Geometry C). We performed numerical
simulations of the energy states using cylindrical
parameters that correspond to the experimental
data reported in Refs. [7, 8]. To facilitate a
direct comparison with the optical spectroscopy
measurements, the calculated ground-state
exciton energies were converted into the
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corresponding wavelengths A_. These theoretical
results, alongside the experimental values for the
investigated samples, are summarized in Table 1.

Table 1
Ground-state exciton energy of tetrapod QD
Sample A, M A.”’ nm
(theory) | (experiment [7-8])
Long-arm tetrapod
CdSe 535.56 535.00
(L=80A,a =25A)
Short-arm tetrapod
CdSe 615.59 552.00
(L=45A,a ,=25A)

For the long-arm sample, the theoretical
and experimental results agree within 0.1%,
confirming the adequacy of the proposed
cylindrical model. In contrast, for the short-
arm tetrapod, the discrepancy is 11.5%. This
difference is due to the extreme sensitivity of
the exciton energy to the arm thickness, coupled
with significant experimental measurement
uncertainty (£0.5 nm tolerance for the width [7,
8)]). Furthermore, in small nanocrystals, the wave
function is highly sensitive to surface states and
deviations from an ideal cylindrical shape at the
core-arm junction, which makes the actual spatial
confinement somewhat weaker than assumed in
the strict theoretical model.

A comparison of three different
nanostructures with the same total volume (a
cylindrical-short-arm tetrapod, a spherical-
arm tetrapod with a = 32 A, a =235 A,
and a simple spherical QD R = 40.5 A) clearly
demonstrates the decisive influence of geometric
shape on the quantum confinement effect. Despite
the identical amount of semiconductor material,
the branched spatial morphology of both tetrapod
models creates significantly stronger conditions
for charge carrier localization compared to an
ideal sphere. Consequently, the simple spherical
structure is characterized by the weakest spatial
confinement and the longest exciton transition
wavelength 649.92 nm, whereas the complex
tetrapod-like geometries induce an increase in
energy and a corresponding blue shift in the
spectrum (specifically, to 623.15 nm for the
spherical-arm model).

IV. CONCLUSIONS

In this work, we theoretically investigated
the energy spectra of charge carriers and excitons
in tetrapod-shaped QDs using the FEM. We
proposed and compared three realistic geometric
configurations: intersecting spheres, conical arms,
and cylindrical arms, which accurately reflect
the morphology of synthesized nanocrystals.
The numerical calculations confirmed that the
geometric shape and the degree of spatial overlap
at the core-arm interface determine the quantum
confinement regime.

Our analysis revealed a non-monotonic
dependence of the electron and exciton ground-
state energies on the height of the tetrapod arms.
This complex behavior is driven by the physical
competition between the carrier localization
in the central core and their penetration into
the expanding arm volumes. Specifically, the
narrowing of the intersection aperture during
growth can create an effective geometric barrier
that strongly locks the charge carriers within the
core.

Furthermore, we demonstrated that the
fundamental exciton transition energy is
predominantly determined by the core radius and
arm thickness, rather than the overall arm length.
The results obtained for the cylindrical-arm model
showed excellent quantitative agreement with
experimental optical spectroscopy data for long-
arm CdSe tetrapod. For short-arm nanocrystals,
the observed theoretical discrepancies highlight
the extreme sensitivity of the energy spectrum to
surface states and structural imperfections at the
nanoscale.
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AHoTanis. Y 1iil po6oTi NpeaCTaBI€HO TEOPETUUHE JTOCIIKEHHS €HEPreTUYHUX CIEKTPIB
€JIEKTPOHIB, JIIPOK Ta €KCUTOHIB y TETPANoAONOJIOHUX HAMIBIPOBITHUKOBUX KBAHTOBUX OCTPIBISX.
Jlnst 3a0e3neueH s aeKBaTHOTO (PI3UYHOro OMHUCY CKJIAAHOI TPUBUMIPHOI MOP(OJIOTii HaHOKPHUC-
TaJiB 3allpOIIOHOBAHO Ta CUCTEMAaTHUYHO MOPIBHAHO TPU PeasiCTUYHI MAaKpOCKOMIYHI F€OMETPHYHI
Mozeni. Po3paxyHku BUKOHAHO B HAOMMKEHH]1 €(PEeKTUBHOI MacH 3 BUKOPUCTAHHSM MOJIENI CKIHYEH-
Horo 3D norteHuianbHOro 0ap'epa. YnucenbHe po3B'si3aHHs cTamioHapHoro piBHsAHHS lpeninrepa mis
OJTHOYACTUHKOBHX €JIEKTPOHHHX Ta JIIPKOBUX CTAHIB, a TAKOX PO3PaxXyHOK IOBHOI €HEPTii €KCUTOHA,
3M1HCHEHO 3a JOMOMOI0I0 METO/ly CKIHUEHHUX eJIeMEeHTIB. BCcTaHOBIIEHO, 1110 MPOCTOPOBE NEPEKPHUT-
TS HA TEOMETPUYHOMY CTHKY SIAPO-PYKaB BU3HAYAE PEKUM CUIBHOTO MPOCTOPOBOrO KBAaHTOBOTO
oOMexeHHS. AHalli3 pe3yJbTaTiB BUSABISE CKIAJHY HEMOHOTOHHY 3aJIEKHICTh €HEprii OCHOBHOIO
CTaHy €JIeKTpOHa Ta eKCUTOHA B1Jl BUCOTH pyKaBiB TeTparoja. Taka rnmoBeiiHKa 3yMOBIIEHA CHIIBHOIO
(13MUHOI0 KOHKYPEHIIIE€I0 MIXK JIOKaJli3alli€ro HOCIiB 3apsily BCepelrHI LEHTPAJIBHOTO si/ipa Ta IXHIM
MIPOHUKHEHHSIM Y JOCTYNHUN 00'eM emiTakciaabHUX pyKaBiB. [IporeMoHCTpOBaHO, 10 KOJIU JOMIHYE
00'eM siipa, reOMETPUYHE 3BYKEHHSI Ha CTUKY CTBOPIOE €(PEKTUBHUN MOTEHIIaNbHUN Oap'ep, KUl
KOPCTKO 3aMUKA€ XBUIIbOBY (DYHKIIIIO HOCI{B y LIEHTP1 HAHOCTPYKTYPH, 1110 HEMUHYY€E NPU3BOIUTD 110
3pocTaHHs eHeprii. HatomicTh nepeKoHINBO OKa3aHo, 1110 €HEPTisi OCHOBHOTO EKCUTOHHOTO MEPEXOLY
MIPAKTHUYHO HE 3aJIe)KUTh BiJl 3araJIbHOT IOBXKMHU PYKaBiB 1 BU3HAYAETHCS MIEPEBAKHO PAALyCOM sIpa
Ta TOBLIMHOIO pyKaBiB. TeopeTnyHi pe3yapTatu, OTpUMaHi 3 BUKOPUCTAHHIM LMJIIHAPUYIHOI MOJIEN,
JI€MOHCTPYIOTh BIAMIHHUM KUIbKICHUM 301r 3 JaHUMHU ONTUYHOI CIIEKTPOCKOIIi CUHTE30BaHUX JIOB-
ropykaBHMX KBaHTOBHX ocTpiBLiIB CdSe. Po301kHICTB, IO criOCTepiraeTbes AJil KOPOTKOPYKaBHUX
3pa3KiB, MIJKPECTIOE Yy TIIUBICTh EHEPreTUYHOIO CIEKTPa /10 MOBEPXHEBUX CTaHIB Ta CTPYKTYPHHUX
HEJ0CKOHAJIOCTEH Ha HAaHOPIBHI.

KarouoBi ciioBa: TerpanononoiOHuil KBaHTOBUI OCTpiBEIlb; €KCUTOH; €JIEKTPOHHUHN 1 JIPKOBUI
CIIEKT]
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