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Perovskite materials such as formamidinium lead bromide (FAPbBr; ) and ethylenediammonium-doped FAPbBr;
({en!FAPbBr; ) are widely utilized in nano-optoelectronic devices due to their relatively simple fabrication process,
low cost, and high efficiency. Significant improvements have been achieved in theoretical and experimental studies of
light emission and absorption, detection performance, and device design, especially for operation in the visible and
near-infrared (NIR) regions. The possibilities of semiconductor perovskite solar cells (PSCs) as a reliable candidate
for next-generation solar energy harvesting are considered.

It was shown theoretically that in a nanosystem interacting with low-intensity radiation, the oscillator strengths
of transitions, as well as the dipole moments of transitions for single-particle electron quantum-confined states
emerging in perovskites containing FAPbBr; and {en}FAPbBr; nanocrystals (NCs), took on values significantly (by
two orders of magnitude) exceeding the typical values of the corresponding quantities for semiconductors. It has been
found that at the resonant frequency of the electron transition, the values of the maximum optical absorption of NCs,
as well as the NC polarizability, assume giant values (seven orders of magnitude) higher than the values of these
quantities at other frequencies. This makes it possible to use such nanosystems as strongly absorbing nanomaterials
in a wide range of infrared (IR) waves with a wavelength that can be varied across a wide range depending on the
type of contacting materials.

Currently, new perovskite technologies are aiming to achieve the efficiency of crystalline silicon (Si). Compared
to Si, PSCs have many advantages. Unlike Si, perovskites exhibit a direct bandgap, allowing for much more efficient
absorption of light. As a result, only a thin film is required, reducing the cost of the manufacturing process (inexpensive
solution processes). Unfortunately, a significant drawback is their sensitivity to moisture, air, and even light. Numerous
research groups have experimented with various stabilization methods, but so far no PSC has demonstrated a
durability close to that required for commercial solar cells (25 years). Instead of replacing Si, perovskite/Si tandem
cells are expected to be the best solution. Because each material absorbs energy from different wavelengths of sunlight,
perovskite/Si tandem cells have the potential to provide at least 20 % more energy efficiency than an Si cell. Tandem
perovskite/Si photovoltaic cells have now achieved efficiencies of over 33 % in lab conditions, and their efficiency is
much higher than that of Si and stand-alone cells.

Keywords: Perovskite nanocrystals (NCs), quantum dots (QDs), nano-optoelectronic devices, perovskite solar
cells (PSCs), electron quantum-confined states

INTRODUCTION light-emitting diodes (LEDs), lasers, solar cells),
neuromorphic devices (“cutting-edge techno-
logies”) such as artificial synapses/memristors,
and finally pressure-induced devices [1-6]. The
development of MHP research is driven by the
progressive evolution of solid-state perovskite,
which is considered a promising candidate for
next-generation solar cells. The most efficient
perovskite devices currently outperform standard
multicrystalline (Si) solar cells, despite the fact
that perovskites are typically grown at low
temperatures using simple solution-based
methods [7-14].

The mineral calcium titanate (CaTiO, ) was
discovered by Gustav Rose in 1839 in the Urals
and later named “perovskite” after the
mineralogist L.A. Perovsky, who conducted
extensive research into its structure. The term
"perovskite" has come to refer to all compounds
that have an identical or similar crystal structure
to calcium titanate. Today, metal halide
perovskites (MHPs) are promising nanomaterials
for future applications, including typical
optoelectronic  nanodevices  (photodetectors,
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The widespread use of perovskites outside of
photovoltaics (PV) is due to the ability to tune
their optoelectronic properties in solar cells,
photodetectors, and LEDs. These studies will
influence the further technological development
of nano-optoelectronic devices in the future
[15-21].

Perovskites can be classified into three types
based on dimensionality: 3D, 2D, and 0D
perovskites, also known as quantum dots (QDs)
(or nanocrystals (NCs)). Taking advantage of the
obvious advantages of low-dimensional (0D, 1D,
and 2D) perovskites, the integration of inorganic
and organic materials at the molecular level
makes it possible to create new structures of
perovskite nanodevices. Hybrid low-dimensional
(0D, 1D, and 2D)/3D device structures offer
opportunities for enhanced thermal and optical
stability, optimization of large-area device
fabrication processes, exploration of internal
physical mechanisms of devices, and innovative
new functional devices [16-26]. Thus, the
solvothermal synthesis of CsPbBr; NCs confirms
their structural stability and optical prospects for
photovoltaic applications [8].

In recent years, growing interest has been
observed in the study of electron states with high
binding energy and resistance to thermally-driven
dissociation in  perovskite nanostructured
materials. These electron states are intensively
used in devices for controlling electron and
exciton transport processes, photon storage
devices, transitions at the heterointerface of an
exciton transistor, photoconversion, and
photoluminescence (PL) in  perovskite
nanostructured materials [26—38]. In metal halide
perovskite solar cells (PSCs), a significant
increase in energy conversion efficiency was
observed [30-38]. This is of particular interest, as
perovskite hybrid chemical solar cells are
emerging as promising candidates for wide
commercial applications in PV [38§, 39].

Perovskites  containing colloidal NCs
FAPbBr; and NCs {en}FAPbBr; are promising
newcomers among optoelectronic materials.
These nanomaterials have been used as highly
absorbent nanolayers in solar cells. These new
optoelectronic materials have attracted increased
attention because of their high energy conversion
efficiency, reaching about 20 % [39]. Perovskites,
composed of colloidal NCs FAPbBr; and NCs
{en}FAPbBr; , belong to a new and developing
class of semiconductors, in which, with the help
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of cation engineering, the bandgaps vary
depending on the composition and size of NCs of
the lead-halide [38, 40—44]. In [20], nanosystems
consisting of colloidal NCs FAPbBr; and NCs
{en}FAPbBr; were experimentally studied. It was
found that doping bulk FAPbBr; perovskite with
ethylenediammonium ({en}) led to an increase in
the bandgap in NCs {en}FAPbBr; . This caused an
increase in the PL lifetimes in NCs {en}FAPbBr,
compared to the PL lifetimes in NCs FAPbBr; . In
[20], PL lifetimes were also estimated in NCs
FAPbBr; and NCs {en}FAPbBr; . It was shown that
the PL lifetimes in NCs FAPbBr; and NCs
{en}FAPbBr; were formed by allowed electron
transitions between the quantum-confined energy
levels arising in NCs perovskites. The potential of
such materials as active components in
luminescent solar concentrators is highlighted in
[45], which reviews light-emitting materials for
enhancing solar energy capture. While organo-
inorganic perovskites such as methylammonium
lead iodide (MAPbI; ) and cesium lead halides
(CsPbX; , X = Br, I) have dominated research due
to their high efficiencies (up to 25.7 % for single-
junction devices [38]) and ease of synthesis, with
thousands of publications detailing their
optoelectronic properties, stability challenges,
and scalability, FAPbBr; and {en}FAPbBr; NCs
remain less explored, particularly regarding their
intraband optical absorption. This mini-review
focuses on these specific NCs because of their
distinctive advantages: superior near-infrared
(NIR) absorption compared to iodide-based
counterparts, enhanced structural and thermal
stability through formamidinium (FA) cation
incorporation, and the ability to tune optical
properties via ethylenediammonium ({en})
doping, unlike MAPbXI; , which suffers from
moisture sensitivity and phase instability under
ambient conditions [31]. The addition of {en} in
{en}FAPbBr; further stabilizes the perovskite
lattice, widens the bandgap, and extends carrier
lifetimes, making it a compelling candidate for
tandem solar cells and nanophotonic applications
[19, 30]. This gap in understanding, amidst the
extensive  literature on  organo-inorganic
perovskites, motivates their selection to unlock
new pathways for exceeding current PV
efficiency limits and advancing NIR-responsive
technologies [19, 34, 36-40]. Therefore, in the
present work, within the framework of the dipole
approximation, the intraband optical absorption
due to allowed transitions between one-particle
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electron quantum-confined states emerging in the
NCs FAPbBr; is investigated. Studies on
solvothermal synthesis of CsPbBr; NCs confirm
their structural stability and optical promise for
PV applications [8], while dopant concentration
effects in perovskite QDs highlight their
tunability [6]. Photochemical processes involving
graphene oxide, which could enhance charge
transfer in such systems, are discussed in [46],
providing insights into hybrid nanomaterial
interactions.

Application of these NCs can increase the
efficiency of PSCs, which without any additives
already achieve an efficiency beyond 25 %, and
up to 34 % in tandem configurations [38]. By
appropriate tailoring of nano-admixtures, it is,
however, possible to surpass the Shockley—
Queisser efficiency limit in these cells. Using
metallic nano-components, an even 40 % relative
increase in the efficiency of a perovskite cell has
been experimentally demonstrated [39]. This is
even larger than that in conventional (Si or copper
indium gallium selenide (CIGS)) cells [47] and
reflects the fact that in chemical cells without p-n
junction, a different plasmonic photovoltaic effect
dominates [48, 49]. Simultaneous application of
additional NCs would result in further increase in
efficiency and in a completely yet unexplored
synergetic effect of NC-metallic nanoparticle
complexes. Coupling of excitons in NCs with
surface plasmons in metallic nanoparticles,
sensitive to the proximity of both subsystems,
would beneficially influence both nano-agents in
a different way than separately. This additionally
motivates the presented study.

Electron and exciton states with high binding
energy and resistance to thermally-driven
dissociation play an important role in many
prospective perovskite nanostructured materials.
In recent years, growing interest in the electron
and exciton states adjustment for controlling
exciton transport processes, transitions at the
heterointerface of the excitonic transistor,
photoconversion, nanostructure PL, and optical
properties of dielectric and semiconductor
nanostructures [20, 21]. These devices include
traps, lattices, conveyors, and ramps, which are
used for studying basic properties of cold electron
states, as well as electron transistors, routers, and
photon storage devices, which hold the potential
for creating exciton signal processing devices and
exciton and electron circuits  [20-25].
Investigations into dopant concentration effects in
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perovskite QDs further emphasize their tunable
optical properties for such applications [6].

Perovskites  containing colloidal QDs
FAPbBr; are promising newcomer optoelectronic
materials. These nanomaterials have been used as
highly absorbent nanolayers in solar cells. These
newcomer optoelectronic materials have attracted
increased attention because of their high solar
energy conversion efficiency, reaching about
20 % [25].

For intensive application of nanomaterials
containing perovskite NCs (or QDs), it is
necessary to find nanomaterials that strongly
absorb light in the visible and IR ranges. In [21],
the theory of electron quantum-confined states in
colloidal QDs FAPbBr; was developed. These
nanomaterials have been shown to be highly
absorbing nanomaterials over a wide range of
visible and IR wavelengths with wavelengths that
can be varied across a wide range depending on
the type of contacting materials. These
nanomaterials containing perovskite NCs (or
QDs) can be used as active elements that
efficiently convert solar energy into electrical
energy in solar cells. The use of semiconductor
nanoparticles in photoelectrochemical solar cells
with liquid electrolytes, potentially applicable to
perovskite systems, is reviewed in [50],
emphasizing their photovoltaic potential.

The mini-review analyzes the potential of
using perovskite NCs in solar cells. This emphasis
on FAPbBr; and {en}FAPbBr; NCs leverages
their unique NIR absorption, stability
enhancements via cation doping, and
underexplored intraband transitions to address
gaps in the extensive literature on organo-
inorganic perovskites, offering insights into next-
generation PV solutions beyond widely studied
MAPbI; and CsPbX; [19]. It is shown that
perovskites containing colloidal QDs FAPbBrg
nanosystems are highly absorbing media in the IR
region in weak optical fields. In these
nanosystems, the polarizability, absorption cross-
section, radiation intensity, and also the optical
attenuation coefficient of light take on gigantic
values, which are two orders of magnitude higher
than the corresponding values in semiconductors.
The obtained results can be used for creating
nano- and heterostructures for advanced
nanophotonic applications that operate under
conditions of weak optical fields in the IR region.
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OPTICAL TRANSITIONS BETWEEN
ELECTRON QUANTUM-CONFINED
STATES IN PEROVSKITE NANOCRYSTALS

In the experimental work [20], NCs of
perovskites FAPbBr; and {en}FAPbBr; were
studied. It was assumed that the NCs were
spherical with average radii ¢ =5.5nm. The
values of broadenings of the absorption edge
AE;=71 meV  for NC FAPbBr;, and

AE, =120 meV for NC {en}FAPbBr; were
determined. The studied NC perovskites had the
following optical characteristics: dielectric
constant €; m. and m,, are effective electron and
hole masses, respectively; exciton reduced mass
is calculated as pex = (memy,)/(m. + my,); the Bohr
radii are = (¢h*m.e?) for an
electron; ap= (¢h®’’mpe?) for a hole; and
aex = (6h?/uee?) for an exciton. In QDs perovskite
FAPbBr; , such optical characteristics took the
following values: &=28.6, m.=0.26 my and
my, = 0.26 myg, pex = 0.13 my (myis the mass of a
free electron), a.=1.75 nm, ay,=1.75nm,
dex=3.5 nm. In NCs perovskite {en}FAPbBrs;,
such optical characteristics took the following

values: ¢=7, m.=0.21 mo and mn=0.21 mo,
Uex = 0.105 mo, a.= 1.8 nm, an=1.8 nm,
dex = 3.6 nm.

In [21], the NC was modeled by a spherical
potential well with infinitely deep walls. In this
case, the energy levels of an electron (n,, l,)and
a hole (ny, 1) were determined by the formula
[22]:

e(h)( ) —

(Xn,l)z: (1)

2m, e(h) a?

where the subscripts (n, /) are the principal and
azimuthal quantum numbers for the electron
(hole); and X,; are the roots of the Bessel
function, i.e., Ji4+1/2 (Xn,1) = 0. Energy levels of

an electron E( )(a) (1) and a hole E( )(a) (1)

were in the conduction and valence bands NC.
Assume that the quantum-confined levels of the
electron energy Ej (a) (1) the NC are slightly

broadened at temperature 7, i.e. the energy
separation between the levels is

AES (@) = Ef 4 1(a) — Ef (a) < KT. )

When condition (2) is satisfied, the electron
states (1) in the NC can be observed. These
electron states (1) can be described by the wave
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functions of an electron in a spherical quantum
well with infinitely high walls [20, 21].

In [20], it was shown that the broadening
AE; =71 meV of the absorption edge in the NC
FAPbBr; was caused by two allowable
transitions between the quantum-confined states
of an electron (n,=1,1,=0,t,=0) and
n.=11l,=1t,=1), as well as (n, =
Ll,=1t.=1) and .,=11,=2t, =
0) (where t is the magnetic quantum number
of the electron). The transition energies,
according to formula (1), between these electron

levels  were 1133( )=512meV  and

f 12 Y(a)= 65.4 meV. The broadening value of

AE; =71 meV of the absorption edge in NCs
FAPbBr; with an accuracy not exceeding 14 %
was caused by these transitions [20]. Doping led
to a change in the optical characteristics of
{en}FAPbBr; NC compared to the optical
characteristics of FAPbBr; NC [20]. In this case,
the broadening of the AE, =120 meV absorption
edge in the {en}FAPbBr; NC was caused by three
allowable transitions between quantum size —
confined states of an electron (n, =1,[, =

0,t,=0)and n, =1, =1t,=1), (n, =
L,l.=1t,=1) and (n, =11, =2,t, =0),
as well as (n,=110,=2t,=0) and (n, =
1 [, = 1), with transition energies

1133(00 64 meV, AElllzf(a) =82 meV and

1123 (@) =112 meV respectively. The
broadening value of AE, =120 meV of the
absorption edge in NCs {en}FAPbBr; , with an
accuracy not exceeding 10% was caused by these
transitions [20].

Quantum-confined states of electron (n,, l,)
(1) in NCs in the field of a light wave was
adequately described in the dipole approximation

[22]. Let us write an expression for the dipole
(@)
n,

between the quantum-confined states of an
electron (n, = 1,l,,t) and (n, = 1,1, + 1,t) in
NCs (where the azimuthal quantum number of the
electron [, <2, and the magnetic quantum
number of electron £ = 0.1) [24, 25]:

1lllt1 “@) = (P11410(T, O)|D () |W11: (r, 0)),
(3)

where the operator of the dipole moment of the
electron located in the NC is expressed as [21]

D(r) = Aer.

moments of the allowable transitions D

“4)
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In formula (4), the nanosystem parameter

A=3¢gy/QRegt €), (5)

(here & is the permittivity matrix and & = 1), ris
the radius vector determining the distance
between the electron and the center of the NC, 6
is the azimuthal angle defining the position of
electron radius vector. In formula (3), the states
ne = 1,1,,t) and n, = 1,1, + 1,t) electron are
described by electron wave functions ¥ ; .(r,6)
and W1 ;41.(r, 0) of an infinitely deep spherical
potential well.

Using formulas (3) —(5), expressions were
obtained that describe the values of the dipole

A1t - o
moments D7 ""(a) of admissible transitions

between the quantum-confined states of an
electron (n, =1,1,,t) and (n, =1,l, + 1,t)

21 T
j do f dfsind
0 0

In (7), C is the quantity proportional to the
square of the modulus of the matrix element of the
dipole moment, taken for the Bloch functions of
the conduction band of NC, o is the frequency of
the emitting light, the radiation energy
hwyip110(@) = Eypa(@) —  Ep(a).  After
integration in (7), taking into account (6)—(9),

11111:”( )=C

O\g

expressions were obtained describing the
intensities 11 ll;'“(a) of the dipole-allowed
electron transitions between the quantum-

confined states (n = 1,[,t) and(n = 1,1+ 1,t)
(where I < 2,t = 0,1) in NCs [21].

OPTICAL ABSORPTION ON QUANTUM-
CONFINED ELECTRON STATES IN A
NANOSYSTEM

The cross section of light absorption
Oaps(w, a) on the spherical surface of a NC of
radius o can be expressed in terms of its
polarizability A" (w,a) [21]:

Taps(®.a)=4m (0/c) |A" (w, a) |, ®)

o is the frequency of absorbed light and ¢ is the
speed of light in vacuum. When condition (2) was
satisfied, as well as for slightly broadened
electron states (1), for which the widths I}, ;(a) of
the quantum-confined levels (n, 1) (1) are small
compared to frequencies w,,;(a), i.e. at

Fn,l (a)<< wTL,l (a)a

)

dTTZ lpl,l+1,t (T' 9' (P) l‘Ul,l,tf (T! 9! (P)
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(where I, < 2,t =0,1) in NCs [21]. Oscillator
strengths of the allowable transitions nnll;' Y(a)
between the quantum-confined states of an
electron (n, =1,0,,t) and (n, =1,l, + 1,t)
were presented in [21]:

LI+, 12
Dyt (a)|

1:,Ll’,lt+1,t(a): (X1,l+1 = X1, %) (6)

Here X, are the roots of the Bessel function,
Le. s Jiv1/2 (Xn1) = 0.

Intensity 111 ll ':1 Y(a), caused by dipole-
allowed intraband electron transitions between
the quantum-confined states (n =1,[,t) and
(n =1,1+ 1,t), was determined by the square of
the overlap integral of the electron wave functions
V106, 0) and ¥y 144 (7, 0) [22]

2

8 (ho = hw, 43,11(a)). )

NC can be represented as a single superatom
[20] (where w4 ;(a)= E;;(a)/h is the frequency
corresponding to the electron quantum-confined
energy level Ej;(a)(1)). In this case, the
polarizability A" (w,a) of NC was described by
the formula [21]:

A'(w,a) =
_anfnl+1t [

Wl'n 141

l 2
(w?l,ul(a)—wz)z+(wrn,l+1)

2
W14 (@)~ 0?

2
(wfl’[+1(a)_w2)2 +(wln 1)

(10)

In (10) oscillator strengths of the allowable
transitions f,, nitl, t(a) between the quantum-
confined states of an electron (n, = 1,1,,t) and
(n,=1,l,+ 1,t) are defined by formula (6).

Let us consider the behavior of NCs in weak
optical fields. Let us assume that in these fields the
polarizability A" (w, a) (9) of the NC was caused
to only one electron transition between the
quantum-confined states (n, = 1,1, t) and (n, =
1,1, + 1,t). In this case, the polarizability (10) of
the NC is determined by the expression [21]:

A'(w,a) =
Wn141(@) -2

nl+1
Ii (@ ) [(wnm(a) w?)2+(wln141)”

Wl 141

l 2
(w121,l+1(a)_‘*’2)2 +(®ln141)

(1)
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Consider the case in which the frequency of
light w is significantly lower and far from the
resonant electron state (n, [+1) frequency

2
wnir1(@) (e w? L (wn,lﬂ(a)) . Taking
into account (1), we write the polarizability (10)
as [21]

A (@) = 4(m, /mo ) Kyp41” —
2
X11%) Xnge) " D1 (@) /eal” (a/
a0 )* (ao)3, (12)

where a, = 0.053 nm is the Bohr radius of a free
electron. We neglect the real part of the
polarizability (11) NC for frequencies close to
resonant = wy, ;4+1(a), since it is much smaller
than the imaginary part. As a result, we obtain an
expression that describes the polarizability of NC
[21]:

AY(@) ~ i 4 Xy ” — X1 D Xnir) 2 (Ryo /
2
hly D) |DiE M (@) fea] (a/a, )? (a0)3,  (13)

where Ry, =13.606 eV is the Rydberg constant.
In the «case @ w4 (e 0? >»
(wn141(a))? the polarizability of NC is given by
a negative real part [21, 22]:

AY(@) ~ — 4Ry, [Eu)? (Xppq1” —
2
X1, DD (@) feal (mg /me ) (a0)?,  (14)

where E,, = hw.

The behavior we have considered of the
quantum-confined states of an electron arising in
NC, in the field of a light wave are applicable to
an ensemble of non-interacting NC, i.e., to the NC
ensemble with the NC concentration N [51]:

1
aN3 < 1. (15)

Table 1. The estimated values of oscillator strength fllll;’ Lt

1l+1,t

eA in Debye units) and radiation intensity Ly

(6), transition dipole moments

Let us carry out numerical estimates of dipole
moments of allowable intraband transitions

DLt (3), oscillator strengths of allowable

LLt
. o Li+1t
intraband transitions f;,

111_'11:1”: (7) of dipole-allowed intraband electron

transitions between the quantum-confined states
(n=1Lt) and (n=1,1+1,t) (where | <
2,t=0,1) in spherical NCs with radius
a=>5.5nm, containing perovskites FAPbBr;

(for L = 0,1) (see Table 1) and {en}FAPbBr;

(for / =0,1,2) (see Table2). From formulas
(3)—(5) and (8)—(10) it follows that the values of

. " LI+t
dipole moments of allowable transitions D, ;

(3), oscillator strengths of allowable transitions
1111: Lt (6), as well as the intensities Ill"ll'tl't (7) of
dipole-allowed  electron  transitions  with
increasing azimuthal quantum number / (from 0
to 1) for perovskites FAPbBr; , and / (from 0 to
2) for perovskites {en}FAPbBr; ) decrease in
proportion to the coefficient (X ;41 2 X1 -1
(where X;, = m; X;; =4.493; X;, = 5.763;
X713 = 6.988 are the roots of the Bessel function
.., Jix1/2 (Xn1) = 0[24]). In this case, the values

of dipole moments Dll"ll,tl't (3) in NC perovskites
{en}FAPDbBr; (for /<2) will exceed the
corresponding values of dipole moments in NC
perovskites FAPbBr; (for I = 0,1) (see Tables 1
and 2). This is due to the fact that according to
formulas (4) and (5) of dipole moments (3) are
proportional to the coefficient A (5). The
coefficient A (5) is inversely proportional to the
permittivity ¢ NCs. Since in NC perovskites
FAPbBr; the permittivity & = 8.6 is greater than
the value ¢ = 7 in NC perovskites {en}FAPbBr; ,
then the coefficient A = 37 for NC perovskites
{en}FAPbBr; will exceed A= 0.28 in NC
perovskites FAPbBr5 .

(6), and intensities

Dyt (3) (where Dy =

(7) caused by dipole-allowed electron transitions between

the quantum-confined states (n = 1,[,t) > (n=1,l+ 1,t) (where / = 0, 1 and t = 0, 1) in NC

perovskites FAPbBr; with radius a = 5.5 nm

L Ly -1, 1+1,9) i Dyt (Do) et
(1,0,0) = (1,1,1) 0.24 8.4 0.65
(1L,1) = (1,2,0) 0.14 5.7 0.31
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Table 2. The estimated values of oscillator strength f; ;¢

1,l+1,t

eA in Debye units) and radiation intensity 111 ll Tt

the quantum-confined states (n = 1,,,t) > (n=1,1+ 1,t) (where / = 0, 1,2 and t = 0, 1) in NC
perovskites {en}FAPbBr; with radius a = 5.5 nm

1l+1t

(6) transition dipole moments D,

(3) (where D, =

(7) caused by dipole-allowed electron transitions between

(10~ (41, e DI (Do) e
(1,0,0) > (1,1,1) 033 9.9 0.65
(LL1) - (1,2,0) 0.194 6.72 0.31
(1,2,0) > (1,3,1) 0.045 2.96 0.20

- LI+1Lt
The values of dipole moments D,/ ™",

according to formulas (10)—(13), as well as of

oscillator strengths of allowable transitions
1I+1t
1Lt

number / (from 0 to 1) decrease from Dll"&’é
84Dy to D{'7 = 5.7 Dy (where Dy = eA in
Debye units) and from ]‘110101 =0.24 to ]‘111210
0.14 in NC perovskites FAPbBr; (see Table 1),
and also decrease from Dll_'&’g =99 to
D5y = 2.96 and from fig' =033 to filyy =
0.045 in NC perovskites {en}FAPbBr; with
increasing / (from 0 to 2) (see Table2). As
azimuthal quantum number / increases (from 0 to

2), the intensities 111“{”(17) of the dipole-
allowed electron transitions in NC perovskites

{en}FAPbBr; also decrease from Ii'(}, ’g =0.65to
12} = 0.20 (see Table 2). The intensity values

1,2,0
(16) in in NC perovskites FAPbBr; decrease

from 111"3”3 =0.65 to Illlzf = 0.31 as / decreases
from 0 to 1 (see Table 1).

Tables 3 and 4 show the numerical values of
polarizabilities Aj(a) (12) (in case, when the
frequency of light w is significantly lower and far
from the resonant electron state (n, [+1)

frequency wp,141(a), at (0)/001,l+1)2 =1072),
as well as the absorption cross sections g,;,(®, a)
(10), which were due to dipole-allowed electron
transitions between the quantum-confined states
n=1Lt) and (n=1,1+1,t) (where [ <2,
t = 0, 1) in spherical NCs with radius ¢ = 5.5 nm,
containing perovskites FAPbBr; (for / = 0, 1)
and {en}FAPbBr;  (for / < 2). Polarizabilities
A7 (12), as well as the corresponding absorption
cross sections  0,ps(w,a) (10), according to
formulas (10)—(14), with increasing azimuthal
quantum number / (from 0 to 1) for perovskites
FAPbBr; , and / (from 0 to 2) for perovskites
{en}FAPbBr; decrease in proportion to the

(6) with increasing azimuthal quantum
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coefficient (Xy,41° — X102) " (Xni41) "% The
values of polarizabilities A7 (12) and absorption
cross sections  ag,ps(w, @) (10) with increasing /
(from 0 to 1) decrease from A} =1.1-
1072%cm3 (and o4 = 6.5-107cm?)
to Ay =5.4-10"2'cm? (and 0,5 = 5.5 -
107Ycm? in NC perovskites FAPbBr; (see
Table 3), and also decrease from A7 = 8.56-
1072'cm3® (and o, = 6.7-10"Ycm?) to
A} =28-107%2cm® (and oy = 435"
1078cm?) in NC perovskites {en}FAPbBr;
with increasing / (from 0 to 2) (see Table 4). Since
the polarizabilities (12) and absorption cross
sections (10) are proportional to the ratio
(m, /m, ), and the effective mass of the electron
in NC perovskites FAPbBr; is greater than the
effective mass of the electron in NC perovskites
{en}FAPbBr; , then the values of polarizabilities
AY (12) and absorption cross sections  g,ps(w,
a) (10) in in NC perovskites FAPbBr; exceed the
corresponding values of polarizabilities (12) and
absorption cross sections (10) in NC perovskites
{en}FAPbBr; (see Tables3 and 4). The
frequencies w4 ;(a) are in the infrared region.
Tables 3 and 4 show the numerical values of
polarizabilities A} (a) (13) and absorption cross
sections  g,ps(w, a) (10) in NC perovskites
FAPDBr; , as well as the values of polarizabilities
(14) and absorption cross sections (10) in NC
perovskites {en} FAPbBr; at resonant absorption
of light with frequencies w = w;;41(a). These
values, according to formulas (11)—(14), (for the
ratio ((h13141/E11+1) =1072), are three orders of
magnitude higher than the corresponding values
of polarizabilities (13) and absorption cross
sections (10) in case ((a)/wuﬂ)z =1072).
According to formula (7), the values of
polarizabilities A% (a) (14) and absorption cross
sections g,ps(w, @) (10) in NC perovskites
FAPbBr; and NC perovskites {en} FAPbBr; for
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frequencies w (for (a)/wuﬂ)z = 102), will be
two orders of magnitude smaller than the
corresponding values of polarizabilities (13) and

absorption cross sections (10) in the case
((w/wLH_l)Z = 1072) (see Tables 3 and 4).

Table 3. The estimated values of of polarizabilities A7 (a) (12) (for (a)/wUH)2 =1072)), AY(a) (13) (for =
wy41(a)), A3(a) (14) (for (w/wLHl)z = 1072) (where o is the frequency of the absorbed light and the
resonant electron state (n, /+1) frequency wy, ;41 (a)), as well as the corresponding absorption cross sections

Oaps(®, a) (10) caused by dipole-allowed electron transitions between the quantum-confined
states (n =1,,t) > (n=1,1+1,t) (where / = 0, 1 and t = 0, 1) in NC perovskites FAPbBr; with
radius & = 5.5 nm

1,Ly-0,1+1,0 (w/wl'l+1)2 4" (w, a)| (10—chm3) O abs (10'22cm2)
(1,0,0) = (1, 1,1) 1072 1.1-10? 6.5-10°
(1,0,0) > (1, 1,1) 1 1.1-10* 7.1-108
(1,0,0) > (1, 1,1) 102 1 6.3-10°
(1,1,1) > (1,2,0) 1072 54-10° 5.5-10°
(1L,1,1) > (1,2,0) 1 3.9-103 4- 108
(1,1,1) > (1,2,0) 102 6-1071 6+ 10°

Table 4. The estimated values of of polarizabilities Aj (a) (12) (for (a)/wl‘lﬂ)z =1072)), AY(a) (13) (for =
w1 41(a)), A3 (a) (14) (for (a)/wuﬂ)z = 1072) (where o is the frequency of the absorbed light and the
resonant electron state (n, /+1) frequency w,, ;11 (a)), as well as the corresponding absorption cross sections

Oaps(®, a) (10) caused by dipole-allowed electron transitions between the quantum-confined
states (n=1,,t) > (n=1,1+1,t) (where/ = 0, 1,2 and t = 0, 1) in NC perovskites {en}FAPbBr;
with radius a = 5.5 nm

Q,Ly-1,1+1,9 (w/w1,z+1)2 A" (w,a)| (10~22cm?) O aps (10722cm?)

(1,0,0) - (1, 1,1) 1072 8.56- 101! 6.7- 105
(1,0,0) -» (1, 1,1) 1 9-103 7-108

(1,0,0) -» (1, 1,1) 102 8.4-1071 6.5- 105
(1,1,1) - (1,2,0) 1072 4.4-10! 5.5-10°
(1,1,1) > (1,2,0) 1 3.2:103 4-108

(1,1,1) > (1,2,0) 102 2.6-1071 3.2-10°
(1,2,0) > (1,3,1) 1072 2.8 4.35-10*
(1,2,0) - (1,3,1) 1 2.6+ 102 1.5- 108
(1,2,0) > (1,3,1) 102 2.8:1072 5.1-10*

The optical attenuation coefficient y(w, a) of
light, due to both absorption and scattering of
light by quantum-confined states electron (n, /) (1)
in NCs perovskite FAPbBr; and NCs perovskite
{en}FAPbBr; , of radius a is determined by the
expression [51-53]

(16)

where N is the concentration of NCs perovskite
FAPbBr; and NCs perovskite {en}FAPbBr; in
the nanosystem. Formula (16) was obtained for an

Y@, a) = N (0gps(@,a) + 05c(@,a)),
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ensemble of non-interacting NCs. In this case,
condition (15) is satisfied.

In formula (16) included the cross section for
scattering ogg.(w, a) of light by a NC. Now we
write the expression for the cross section ag.(w,
a) of elastic scattering of the electromagnetic
wave with frequency o by the NC of radius a [51]
as:

Ogc (0,a)=27 37313 (w/c)* |A" (w,a)| 2. (17)

Formula (17) includes the cross section for
scattering g, (w,a) of light by a NC. Since,
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according to (17) o (w,a) ~ |A" (w, a)| 2, then
the wvalues of the scattering cross section

Osc (w,a) (17) are six orders of magnitude
smaller than the corresponding values o0, s(w,a)
(10). Therefore, to estimate the optical attenuation
coefficient y(w, a) (16), the processes of light
scattering are not taken into account.

Thus, nanosystems  containing NCs
perovskite FAPbBrs and NCs perovskite
{en}FAPDbBr; are highly absorbing media in the
infrared range. In nanosystems containing NCs
perovskite FAPbBr; and NCs perovskite
{en}FAPbBr; with a concentration of NCs N =
(10 —10%) cm™3 [20] the optical attenuation
coefficient (16) coefficient takes on a significant
value y(w, a) = (1 =102 ) cm™1. Nanostructured
perovskite materials can further enhance
absorption, offering avenues for next-generation
PV technologies [4].

The increase of the absorption due NCs
application is of high significance in perovskite
solar cells. As was proved [20], the strengthening
of the sun-light absorption by using of nano-
components leads to increase of the overall
efficiency of solar cells. In p-n junction cells
quantum coupling of nano-localized plasmons to
band electrons can even double the photo-
efficiency just by the increase of the absorption
[20]. In perovskite cells this channel is, however,
ineffective [21,22] and localized plasmons
contribute rather to internal electrical phenomena
in cells. Application of NCs simultaneously with
metallic nanoparticles would activate both
channels simultaneously — absorption and
electrical one.

In [53] the absorption and photoluminescence
of light from NC perovskite CsPbBr; was
experimentally studied. A peak was obtained in
the absorption spectrum at 498 nm (2.493 eV). A
photoluminescence peak was also observed at
508 nm (2.443 eV). In this case, the position of
the absorption peak exceeded the bandgap E; NC

perovskite. The absorption was caused by the
appearance of an electron-hole pair in the NC
perovskite. The photoluminescence was caused
by the recombination of an electron-hole pair in
the NC perovskite. The absorption and
photoluminescence peaks were caused by
interband transitions of an electron and were in
the visible range of the spectrum. Synthesis of
CsPbls NCs achieved near-100 % PL quantum
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yield, highlighting their potential for efficient
light harvesting [7].

In this work, unlike [49], we studied
absorption caused by intraband electron
transitions between the quantum-confined levels
E,+1(a) and E, ;(a). In this case, the transition
energies AE, ;(a) (2) are in the IR region.

In [54], chemically stable solutions of NCs
CsPbl; perovskite were synthesized using a new
method. This method made it possible to
introduce the organolead compounds
trioctylphosphine-Pbl, as a reactive precursor.
As a result, the density of nonradiative
recombination centers significantly decreased,
and quenching PL in CsPbl; NCs was also
greatly reduced. This made it possible to obtain a
high quantum efficiency of photoluminescence at
room temperature up to 100 % in perovskite NCs
CsPbl; . The effect of a high quantum efficiency
of PL in NCs CsPbl; was due to the realization of
the possibility of almost complete elimination of
trapping defects.

Let us qualitatively estimate the appearance
of nonlinear processes in nanosystems with NCs
perovskites due to the photoionization of NCs
perovskites. In a nanosystem with perovskite NC
of radius a, when a quantum of light with energy

(18)

is absorbed, an electron from a quantum-confined
level E,;(a), located in NC enters the
surrounding matrix of the NC. In the expression
(18), AV is the ionization potential NC of the
perovskite. AV has a value close to the bandgap
E4 NC of the perovskite. Condition (18), taking
into account (1), is satisfied for the quantum-
confined states (n, /), which are described by the
inequality

fl(l)n’l(a) = En,l(a) > AV = F ,

(Xn)? =(2m, a?/ h?) E,. (19)

In nanosystems containing NCs perovskites
FAPbBr; and {en}FAPbBr; with radii
a=55nm, which were studied under
experimental conditions [20], photoionization of
NCs perovskites will occur, according to (18),
only for highly excited quantum-confined
electron levels (for example, for (n = 7,1 = 0)).
As the radius a decreases in NCs perovskites, the
photoionization of electron quantum-confined
states will also be observed for low-excited
quantum-confined electron states (n,1). For

ISSN 2079-1704. X®TI1. 2025. T. 16. Ne 3



Electron states of perovskites nanocrystals and the future of solar cells (mini-review)

example, in NCs perovskites with radius a =1 nm,
there is only one quantum-confined electron level
(n=1, 1=0). At the same time, other low-excited
quantum-confined electron states (n =1, 1 > 0)
arising in NCs perovskites will be photoionized.
Thus, the theory of optical absorption on electron
states of perovskites nanocrystals in weak optical
fields that we have developed has an applicability
criterion that is described by conditions (18) and
(19).

In the nanosystems studied by us containing
NCs perovskites FAPbBr; and {en}FAPbBr;
with small radii a (if the conditions (18), (19) are
met) the probability of trapping electrons in NCs
perovskites should be low. Therefore, there will
apparently be a significant quantum efficiency of
PL in these NCs perovskites.

In the experimental work [54], the possessing
PL blinking in MAPDI; perovskite
submicrometer crystals. In such MAPbDI;
perovskite crystals of large sizes, quantum
confinement and Auger recombination of
electrons and holes were absent. It was found that
PL blinking in MAPDI; perovskite submicro-
meter crystals was due to the reversible quenching
of a single emitter which could possess non-
Poisson statistics due to a local Auger process. In
doing so, photoluminescence blinking in
MAPbI;  perovskite was called reversible
switching between the active and passive state of
the supertrap (an efficient recombination center).
The perovskites NCs have a small finite number
of quantum-confined levels of the electron and
hole. Therefore, the emergence of multiphoton

states with non-Poisson statistics due to the local
Auger process is apparently unlikely in the
perovskites NCs. Also unlikely is the creation of
conditions for the observation of the possessing
PL blinking in the perovskites NCs [58—64].

PROSPECTS OF SOLAR CELLS
CONTAINING PEROVSKITE
NANOSTRUCTURES

Solar cells, often referred to as photovoltaic
(PV) cells, use the photovoltaic effect to convert
light energy into electricity. They are considered
one of the most environmentally friendly energy
sources, along with hydropower and wind/tidal
power. PV technologies have been consistently
developed over the past few decades to improve
the efficiency of these devices while keeping
manufacturing costs low.

Solar cell technology is divided into three
generations — see Fig. 1. (Si)-based technologies,
including single crystals, multicrystalline Si, and
hydrogenated amorphous (a-Si:H), belong to the
first generation of solar cells. The second
generation encompasses thin-film technologies.
This category includes gallium arsenide (GaAs),
cadmium telluride (CdTe), and copper indium
selenide (CulnSe or CIGS) (and similar) based
material systems. The third generation includes
thin-film technologies of new materials, their
potential properties surpass those of current
technologies. This group of materials includes
dye-sensitized solar cells (DSSC), perovskite and
organic-based solar cells, and QDs photovoltaic
cells [16-19].

Solar cell technologies

3
Emmrging or
new matarisls
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Fig. 1. Three generations of solar cells [16]
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Fig. 2. The reported timeline of the solar cell energy power conversion efficiency (PCE). PCE records for perovskite
cells are compared with the selected PV technologies, withcurrent records of ~25.7 % for single junction

perovskite devices [16]

Metal halide perovskite devices have become
groundbreaking photovoltaic devices and have
been implemented in many devices. They have
been particularly recognized as the leader in PV
technology due to the efficiency achieved over the
last decade. Since the first reported device with a
of efficiency =~22% in 2007, many
improvements have been made to the perovskite
structure, leading to a efficiency of = 26.1 % (see
Fig. 2) [16-18]. This rapid progress in the
efficiency of converting light into electricity
demonstrates the great potential of a new
generation of inexpensive and newly efficient
photovoltaic technology. It is expected that it will
be possible to produce stable single-junction cells
with efficiency of =28% after proper
improvement of interfacial materials and optimal
device designs.

Perovskites have attracted extensive research
interest due to their direct band gap, long carrier
diffusion length, high absorption coefficients, and
high defect tolerance. As a result, perovskites
have demonstrated excellent performance in
many devices with an understanding of solid-state
physics, chemistry, and photophysics [16].

As shown in Fig. 3 a solar cell device consists
of three main areas responsible for: photon
absorption with subsequent carrier generation,
carrier transport, and finally carrier extraction
[19]. In the first region, dissociation of excitons
generates electrons and holes. Since the binding
energy of an electron-hole pair is much less than
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300 K of thermal energy, the generation of free
charge carriers occurs very quickly. Exciton
dissociation occurs at the interface between the
perovskite layer and the charge transport layer.
Electrons are injected into the electron transport
layer (ETL) and migrate to the anode (fluorine-
doped tin oxide (FTO) — glass). At the same time,
holes are injected into the hole transport layer
(HTL) and then migrate to the metal cathode. As
a result, the electrons/holes are collected by the
electrodes to generate current in the external
circuit. For organic materials, the upper and lower
levels are the lowest unoccupied molecular orbital
and the highest occupied molecular orbital,
respectively [16—18].

Depending on the choice of the bottom
element, three types of triple junction solar cells
based on perovskite materials have been reported:
1) Perovskite /perovskite /perovskite (known as
all-perovskite), 2) Perovskite /perovskite / Si,
3) Perovskite / perovskite /organic solar cells. The
highest reported is efficiency of 23.3 % for all-
perovskite, 22.2 % for perovskite /perovskite/Si,
and 19.4 % for perovskite/perovskite/organic
triple junction solar cells [19]. The optimal
bandgap combination of triple junction solar cells
depends on the properties of all layers and the
different loss mechanisms and must be
determined for each structure and the choice of
interlayer materials. Another important criterion
in series-connected multi-junction solar cells is
current matching. In this type of solar cell, the
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current cell is limited to the subcell that generates
the least current. Therefore, to maximize the
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Fig. 4. Thermodynamic limit of the PCE for junction solar cells versus bandgap (Shockley-Queisser limit) compared
to the utmost efficiencies for selected PV technologies [16]

To date, double-junction perovskite solar
cells, especially those with lower Si elements,
have already proven to be an attractive option for
further improving the efficiency of future
photovoltaic modules. Triple-junction perovskite
solar cells can exceed the performance limit of
double-junction solar cells and surpass the
efficiency limit of double-junction solar cells.
However, so far the focus has been on optimizing
single and double solar cells and much less on
developing ternary solar cells using perovskite
semiconductors [10—18].

The efficiency of a junction solar cell is
limited by the fundamental Shockley—Quisser
limit (31-33 %). The maximum efficiency is
achieved in the band gap range of 1.1-1.45 eV. As
shown in Fig. 4, this includes technologically
important photovoltaic semiconductors such as
(see Fig. 2): crystalline Si (26.7 %), Cu(In,Ga)Se;
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(23.35 %), organic solar cell mixtures (18.2 %),
GaAs (29.1 %), and CdTe (22.1%). Other
materials, such as a-Si:H (10.2 %) and most
DSSCs, have slightly inflated bandgaps compared
to the optimal region. Since lead halide
perovskites can span a wider bandwidth, their
highest efficiency has been estimated to be in the
narrow range of 1.5-1.65 eV [16-19].

Analysis of the data in Figure 5 shows that the
cost of solar energy has fallen significantly over
the past few decades, and solar energy is very
cheap. The cost of manufacturing Si panels has
fallen, and the price of electricity from solar
power plants is lower than that from fossil fuels.
These trends further reinforce the importance of
renewable energy from photovoltaic sources in
the future [16-20].

Perovskite-based tandem solar cells have
demonstrated efficiency improvements through
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nanostructure  integration and  interface
optimization, contributing significantly to PV
progress [3].

Perovskite/Silicon tandem cells have
advantages over other types of solar cells (Fig. 6).
Thus, in [2] it is indicated that their efficiency
reaches 30 %, which is 3—5 % higher than silicon
cells. The advantage lies in their ability to absorb
different ranges of light. In Perovskite/Silicon
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tandem cells [13] there is a technical possibility,
unlike silicon cells, to change the composition of
the perovskite to adjust the bandgap width, which
opens up opportunities for  optimizing
performance in operation. The influence of
molecular structure on the optical properties of
azo-naphthalene dyes, which could inspire similar
tuning in perovskites, is explored in [65],
combining DFT and experimental approaches.
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Fig. 5. The cost of producing: a — Si photovoltaic panels and b — electricity from selected sources. Reproduced with
permission.[51] Copyright 2023, Springer Nature

Fig. 6. Schematic diagram of the Perovskite/Silicon tandem cell for solar spectrum utilization by a triple junction
solar cell consisting of a silicon bottom cell, a middle cell, and a top cell [7]

In addition to purely operational advantages,
it is worth noting the economic aspect of this
issue. Low-temperature processing of perovskite
(below 150°C) is economically more
advantageous compared to high-temperature
processes for GaAs or CIGS. The introduction of
Perovskite/Silicon  tandem  elements into
production does not require the restructuring of
enterprises with silicon production lines [12].

CONCLUSIONS

Nanosystems containing NCs of FAPbBr;
and {en}FAPbBr; exhibit exceptional optical
properties in weak optical fields due to intraband
electron transitions between quantum-confined
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states. Theoretical calculations revealed that at
resonant IR frequencies, polarizabilities (e.g.,
|A2"| = 107'® cm?®) and absorption cross-sections
(c_abs =~ 108 cm?) achieve giant values, exceeding
typical semiconductor values by two orders of
magnitude. These results stem from enhanced
dipole moments (e.g., D_{1,0,0}"{1,1,1} =9.9 Do
for {en}FAPbBr3) and oscillator strengths (e.g.,
f {1,0,0}~{1,1,1} =0.33), confirming their
potential as highly efficient, tunable IR absorbers
for advanced nanophotonic  applications
[20-25, 49].

Currently, new PV technologies are striving
to match the efficiency achieved by crystalline Si,
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representing a  technology  close  to
commercialization. Compared to Si, PSCs have
many advantages. Most importantly, unlike Si,
perovskites exhibit a direct bandgap, allowing for
much more efficient light absorption. As a result,
only a thin film is required, reducing the cost of
the fabrication process (low-cost solution
processes). Unfortunately, a significant drawback
has been sensitivity to moisture, air, and even
light. Numerous research groups have
experimented  with  different  stabilization
methods, but so far no PSC has demonstrated a
durability close to that required for commercial
solar cells (25 years) [12-16].

Rather than replacing Si, a better solution is
expected to be the commercialization of
perovskite/Si tandem cells. Since each material
absorbs energy from different wavelengths of
sunlight, perovskite/Si tandem cells have the
potential to provide at least a 20 % higher energy
efficiency than an Si cell. Tandem perovskite/Si
photovoltaic cells have now achieved an
efficiency exceeding 33 % efficiency in the

laboratory, and their efficiency is much higher
than that of Si and stand-alone cells [14-16].

Despite  the excellent optoelectronic
performance achieved by the new technology in
both the normal contact and inverted p-i-n
structures, there remain significant scientific
challenges and industrial transformation
bottlenecks that require urgent attention [10-19]:
(1) The theoretical limit of PSCs with a bandgap
of 1.53 eV is an efficiency of 31.34 % according
to the Shockley—Queisser limiting theory.
Although the efficiency of the most advanced new
technology devices has reached an efficiency of
26.0 %, there is still a gap between this value and
the limiting theory. Improving the efficiency of
charge separation and transfer, as well as
suppressing charge recombination are key
challenges in current device research. (2) The key
core of face-to-face interface design and energy
band development is to find an effective physical
model and clearly explain the carrier transport
mechanism. (3) Research into new preparation
methods and physical mechanisms will accelerate
the practical application of new technologies.

EnekTpoHHI cTAaHN HAHOKPHUCTAIB NEPOBCKITIB Ta Maii0yTHE COHSTYHUX eJIeMeHTIB (MiHI-0TJIsIT)
C.I. HoxyTniii, T.FO. I'pomoBuii, B.M. OB1enko

Tuemumym ximii nogepxui in. O.0. Yyuxa Hayionanvhoi akademii nayx Yxpainu
syn. Oneza Myopaxa, 17, Kuis, 03164, Ykpaina, pokutnyi.serg@gmail.com, grota@ukr.net
Incmumym ¢hisuxu Hayionanenoi akademii nayx Yxpainu
np. Hayxu, 46, Kuis, 03028, Yxpaina
Kadgheopa ximii éucoxomonexyaapuux cnonyk Kuigcokozo nayionanvnozo ynieepcumemy imeni Tapaca Lllesuenxa
8yn. Borooumupcora, 60, Kuis, 01033, Ykpaina, valeryovdenko@gmail.com

Ieposckimni mamepianu, maxi sk opmamiounii 6pomio ceunyro (FAPbBr3) i necosanuti emuieHOiaMoHiEM
FAPbBr; ({en}FAPbBr3), wiupoko 6uKopucmogylomscsi 6 HAHOONMOENeKMPOHHUX NPUCMPOSIX 3A60KU GiOHOCHO
NpOCMoMy npoyecy 6U2OMOGIEHHs, HU3bKIU 6apmocmi ma 6ucokii egexmuenocmi. byno oocsenymo cymmesux
Pe3YIbmMamis 'y meopemuyux i eKCNepUMEHMANIbHUX OOCHIONCEHHAX GUNPOMIMIOBAHHSL A NOIUHAHHS CEImd,
NPOOYKMUBHOCMI BUAGIEHHA MA KOHCMPYKYII npucmpois, 0cobaugo O0as pobomu y GUOUMIU ma OIUICHIU
ingpauepsoniii (NIR) obracmsx. Pozenadaromecsi MOXICIUE0CMI HANIGNPOGIOHUKOBUX NEPOGCKIMHUX COHSAYHUX
enemenmig (PSC) ax naoitinozo kanouoama 071 360py COHAUHOL enepeii HaCMYNHO20 NOKOIIHHS.

Teopemuyno nokazamo, WO 6 HAHOCUCMEMI, KA 63AEMOOIE 3 GUNPOMIHIOBAHHIM HU3LKOI IHMEHCUBHOCHI,
OCYUISIMOPHI  CUTU NEPexois, a MAKOINC OUNOAbHI MOMEHMU Nepexodié Oisi OOHOYACTUHKOBUX eNeKMPOHHUX
K6AHMOBO-GUMIPHUX CMAHIG, SIKI GUHUKAIOMb ) Neposckimax, wo micmsmes Hanokpucmaiu (HK) FAPbBrs ma
{en}FAPbBrs, nabynu 3Hauens, wjo Ha 08a NOPAOKU Nepesulyy8anu munoei 6enuduty 6i0no8ioHUX HanienpogioHUKIS.
Bcemanoeneno, wo na pezonancuiii wacmomi eieKmpOHHO20 NEPexody GeluduHU MAKCUMAIbHO20 ONMUYHO20
noznunanns HK, a maxooic nonspuzoenocmi HK nabysanu cieanmcokux 3Hayensv, siki nepesuiyy8aiu Ha ciM nopsioxie
yi genuuuny Ha iHwux vacmomax. Lle dae modxciusicmes 8UKOPUCMOBYBAMU MAKI HAHOCUCIEMU SIK HAHOMAMePIau,
WO CUNbHO NOAUHAIOMb 8 WUPOKOMY Oianasoni ingpauepsonux (I9) xeurv 3 0o6dcunamu X6uib, SKi MONCHA
6apII06AMU 3ANIEIHCHO 6I0 MUNY KOHMAKMYIOUUX MAMEPIANis.
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B oanuii uac noei nepoeckimui mexnono2ii cnpsimMo8aHi Ha OOCISHEHHS ePeKMUBHOCMI NEPEeMEOPEHHSI COHAYHOL
eHepeii no 8IOHOWEHHIO 00 KPUCMANIUHO20 KpemHiesoeo (Si) enemenma. Y nopisusinui 3 kpemuiesoeo (Si) enemenma,
neposckimui cousiuni enemenmu (PSC) marome 6azamo nepesae. Ha 6iominy 6io Si, nepockimu 0emMoHCmpyoms
npsamy 3a00pOHeHY 30HY, Wo 00360J5€ Habazamo eghekmueHiule no2iuHamu ceimuo. Y pezynomami nompiona auuie
MOHKA NAIBKA, WO 3HUICYE 8apmicmb GUPOOHUH020 npoyecy (Hedopoai npoyecu pozuunenns). Ha swcanv, icmomuum
HeOOliKOM € IXHs yymaugicme 00 80.102u, Nosimps i Hagimy ceimua. YucienHni 00CIiOHUYbKI 2PYRU eKCRepUMEHMY8aU
3 pisHUMU Memodamu cmabinizayii, ane noku wo sxcooen PSC ne npooemoncmpysas 0oszogiunicms, 01u36Ky 00 mici,
AKA NOMpIiOHA 01 KOMEPYIHUX COHAYHUX enemeHmig (25 pokig). Ouikyemvbcs, wo 3amicmv 3aMIiHU KPEMHIt0
HauKpawum piwteHHsm 6y0ymv manoemui eremenmu neposckim/kpemuit. OCKINbKU KOJCeH Mamepianl no2iuHae
EHep2il0 COHAYHO20 C8IMAA 3 PIZHOI0 O0BIHCUHOIO XU, MAHOEMHI eNeMeHmU 3 NePOBCKIMmYy ma KPeMHIl0 MOHCYMb
3abesneuumu npunaumui na 20 % Oinvuy enepeoepexmugnicmo, Hidc kpemHiesuti enemenm. TanoemHi neposckimHo-
KpeMHI€esi homoenexmpuyni eremenmu menep 0ocsenu egpexmuernocmi nonad 33 % y nabopamopuux ymogax, i ixus
eexmusHicmv Habazamo suwjd, HidIC y KDEMHIEGUX MA ABMOHOMHUX e/leMEHMIE.

Knrouosi cnosa: Ileposckimni nanoxkpucmanu (HK), xeanmosi mouxu (KT), nanoonmoenexkmpouni npucmpor,
Nepo6CKIMHI COHAUHI eleMeHmMU, K8AHMOBO-8UMIPHI CIAHU e1eKMPOHIE
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