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This work deals with the study of such an important task of plasmonic photovoltaics as the improve-
ment of thin-film solar cells by introducing metal nanoparticles into their absorbing layer. The frequency
dependences of photocurrent amplification, radiation efficiency and electric field amplification in the
neighborhood of the nanoparticles, as well as an expression for volt-ampere characteristic of Schottky bar-
rier formed at the boundary of metallic nanoparticle and the semiconductor absorbing layer are obtained.
The mathematical model, proposed in this work, takes into account all mechanisms of electron relaxation
in metallic nanoparticle. The calculations have been performed for the case of Ag and Pt nanoparticles em-
bedded into TiOz and Si layer. The fact of the significant amplification, of photocurrent with decreasing the
thickness of the absorbing layer and increasing the radius of embedded plasmonic nanoparticles has been
established. In this case, the spectral range of thin-film solar cells is determined by the properties of the
semiconductor, primarily by the width of the forbidden zone of the absorbing layer. The calculations
showed the weak size dependence of the frequency of the surface plasmonic resonance and the strong de-
pendence of the position of the maxima of the spectral characteristics on the material properties of the na-
noparticles and the absorbing layer. It has been demonstrated the advantage of silver nanoparticles over
platinum nanoparticles, as they provide greater radiation efficiency at the same frequencies. The results of
the calculations of the frequency dependences of the amplification of electric fields in the neighborhood of
plasmonic nanoparticles indicate its growth with decreasing radius of platinum nanoparticles, while the
highest maximum value of the amplification will be in the neighborhood of silver nanoparticles of interme-
diate sizes, which is explained by the weakening of the process of electron relaxation in silver nanoparti-
cles of such sizes. The sharp (3-4 orders of magnitude) increase in the current in the modified solar cells
compared to conventional ones at voltages exceeding the Schottky barrier is shown, which is explained by
the excitation of plasmonic resonances on the surface of metallic nanoparticles.
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1. INTRODUCTION

One of the most interesting properties, demonstrat-
ed by metallic nanoparticles, is their strong resonance
response to electromagnetic fields. In general case,
when photons interact with metallic nanoparticle
whose size is comparable to or smaller than the wave-
length of light, they can induce collective coherent os-
cillations of conduction electrons. For the nanoparti-
cles, these oscillations occur at the specific frequency
known as the localized surface plasmonic resonance
frequency (SPR) [1, 2]. The result of this interaction
has two aspects. On the one hand there is efficient pho-
ton scattering, which makes plasmonic nanoparticles
important for applications involving photon re-
scattering in waveguides, for capturing light inside the
thin-film solar cells, and in optical computing, requir-
ing efficient light deflection in small volumes [3-7]. On
the other hand, plasmonic resonances are also associ-
ated with enhanced absorption of photons by the nano-
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particles. The subsequent conversion of this absorbed
energy for the generation charge carriers and/or phonons
is used in applications such as photocatalysis, photo-
thermal imaging and cancer therapy, plasmonic heating
and heated magnetic recording [5, 8-11]. In addition, the
excitation of plasmonic resonances on the surface of na-
noparticles, embedded into the semiconductor layer,
leads to the amplification of photoemission current and,
as a consequence, to the improvement of the technical
characteristics of photodetectors [12]. In this context,
one of the most important challenges in the field of
plasmonic nanostructures is to understand how to tune
and/or control the plasmonic interaction process so that
the nanostructures can be optimized to enhance either
radiative or absorptive (non-radiative) effects.

The properties of resonant plasmonic interaction
such as the position of the plasmon frequency and the
resonance intensity, determined by the resonance
bandwidth, depend on the shape, size, and material of
the nanoparticle and the environment [5, 13-15]. Thus,
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it is natural to expect that the optimization of radiation
and non-radiation effects will also depend on these fac-
tors. Indeed, as was first demonstrated in [13], it is
possible to tune the bandwidth of plasmons by chang-
ing the shape of the nanoparticle so that the predomi-
nant process inside the nanoparticle is the process of
radiation damping. Since it is not always easy to
change the shape of the nanoparticle, other ways of
tuning the plasmonic properties are being sought.

Metallic nanoparticles are embedded into the absorb-
ing layer of the thin-film solar cells in order to use the
effect of localized surface plasmonic resonance (SPR),
which is considered to be the promising approach to im-
prove their efficiency. Such solar cells are seen as an im-
portant alternative to the conventional solar cells on poly
(mono) crystal silicon wafers because of their low cost [16,
17], due to less material consumption and lower produc-
tion cost. However, thin-film solar cells are severely lim-
ited in the practical application due to their weak absorp-
tion of visible light [3, 18]. Adding metallic nanoparticles
to the absorbing layer and using SPR phenomenon is an
effective means of increasing the light absorption cross-
section of such solar cells.

The excitation of surface plasmons is doubly useful
for the solar cells. On the one hand, plasmons serve as
the powerful scattering center for incident photons, and
on the other hand, they create the strong local electric
field near the particle, which can support dissociation
of excitons in the semiconductor [19]. In the work [20]
the introduction of Ag nanoparticles into the absorbing
Si layer was considered and it was found that such a
structure has greater light absorption than conven-
tional thin-film solar cells. In [21] it was found that the
total efficiency of the thin film solar cells improved sig-
nificantly after introducing 0.1 % Au nanoparticles into
them. In the work [22] the possibility of optimizing the
characteristics of the thin-film solar cells by introduc-
ing arrays of the spherical nanoparticles of the differ-
ent composition and morphology into them was investi-
gated. This work also provided practical recommenda-
tions on the size, structure and composition of the na-
noparticles to minimize the reflection coefficient and
maximize the radiation efficiency in the visible region
of the spectrum.

However, the issues of research of the photocurrent
amplification, improvement of the other physical and
technical characteristics of the solar cells due to the
selection of nanoparticle materials and absorbing layer
are presented fragmentarily in the scientific literature,
and therefore are actual.

2. PHYSICAL PRINCIPLES OF FUNCTIONING
AND MATHEMATICAL MODEL OF PLAS-
MONIC SOLAR CELLS

2.1 Principles of Operation of the Thin-Film
Solar Cells, Modified by Metallic Nanoparti-
cles

Let us consider the thin-film solar cell, in the absorb-
ing layer of which the spherical metallic nanoparticles of
radius R are embedded (Fig. 1).

The great efficiency of the energy transfer in the
near-field regime from the plasmons, excited on the na-
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noparticle surface, to the semiconductor substrate — even
if this efficiency is reduced by geometrical factors, i.e.,
taking into account the magnitude S (ratio of the contact
area to the nanoparticle surface area, Fig. 2) — is mainly
determined by the contribution from all interzone transi-
tions, which are not forbidden in this case, and not only
from direct (vertical) ones, as in the case of the ordinary
photoeffect — due to the significant change in quasi-
momentum of electrons.

Fig. 1 — The scheme of the thin-film solar cell with embedded
spherical metallic nanoparticles [23]
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Fig. 2 — The illustration of the dependence of photocurrent in
the semiconductor, modified by metallic nanoparticles, on the
relative area of contact [24]

Figure 3 shows the schematic-scenario of the energy
transfer from photon, incident on diode structure, modi-
fied by the nanoparticles, to the semiconductor substrate:
the energy from the incident light wave is transferred to
the plasmonic dipole oscillation on the surface of the
metallic nanoparticle and is immediately fully absorbed
by the semiconductor in the near-field regime.
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Fig. 3 — The scheme of the photoeffect involving metallic
nanoparticles and semiconductor substrate [24]

In the conditions of the steady-state process, i.e. at
balance of energy of photons, interacting with metallic
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nanoparticles, and energy, transferred from plasmonic
oscillations to electrons in the semiconductor substrate,
one can say that there is the stable transformation of
light energy into photocurrent. In this case, the de-
scribed picture is significantly different from the direct
conversion of the energy of photons, absorbed by unmod-
ified solar cells. In the model, which is proposed in the
present work, plasmons interact with electrons through
near-field photonless electromagnetic dipole-dipole in-
teractions, occurring over the small time interval. There-
fore, the increase in the probability of electronic transi-
tions due to the increase in the probability of all kinds of
indirect interzone transitions in the semiconductor un-
der the excitation of surface plasmonic oscillations in
metallic nanoparticles, located on the semiconductor
substrate, is the reason for the experimentally observed
significant enhancement of light absorption by the semi-
conductor and the increase in photocurrent [25-28].

2.2 Photocurrent amplification

The current amplification in the photocell due to the
excitation of the surface plasmonic resonance is deter-
mined by the relation [24]

Im(co)7 q,
I(u)) —1+?, 1)

where the probability of energy transfer of single inci-
dent photon to the semiconductor due to the excitation of
plasmonic resonance on the surface of the metallic nano-
particle

% \32
BC.e’w> A? (o) R? (mnm )
n= 8n6h4fe m +pm* (hu)—AEg), @

and the probability of the energy absorption in the semi-
conductor per one photon
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- 2
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where m: and m; are effective masses of electrons and
holes; AEg is the width of the forbidden zone; ¢, — die-

lectric permittivity of the solar cell substance;

4nR® n

C, = =, 4
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where H is the thickness of the thin-film element; n_ is

the surface density of metallic nanoparticles, and the
amplitude function

2
(@)
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In formula (5) ,, is the frequency of the surface

plasmonic resonance, and v, is effective electron relax-

ation rate in the nanoparticle
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Yett = Youlk T ¥s T Vrad (6

where bulk relaxation rate vy, , =const for certain met-
al, and surface relaxation rate and radiation damping
rate

.=/ (o, R)%f, (7)
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In formulas (7) and (8): v, is Fermi electron velocity;
V =4nR*/3 is the volume of the nanoparticle; o, Is

plasma frequency; €” is the contribution of interzone
transitions into the dielectric function, and the size-
frequency dependence of the coherence loss parameter
has the following form [29]

(o, 3)231[“’1’TX

4 +2¢, | ®
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where v, =vp/2R is the frequency of the individual os-

©)

cillations of electrons.
Substituting (2), (3) into (1), we obtain

L,(0) _

I(o)

2.3 Frequency of the surface plasmonic reso-
nance

+3[3C'0R3 (02/‘4[,2(&)) m;( ;+m*)3/2.

: (10)
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Let us find the frequency of the surface plasmonic
resonance from the condition

Ree (o, )+2¢, =0, (11)

where, according to Drude model, the real part of the
dielectric function

2
[O)

— P
Ree((nsp)—e 70);”3“(@317) , (12)

and the dependence vy (cosp) can be obtained from the
formulae (6) — (9) under the condition » = o, -

The equation for the determination of o, follows
from the relations (11) and (12):

2
[O)

9 .2 _ p
wsp + yeff (OJSP) - Ew : 2€m ) (13)
In the near-infrared and visible parts of the spec-
trum the condition v, < ® is true, therefore the oscil-
lating addends compared to unity can be neglected in
the square brackets of the expression (9). Then the ex-
pression (6), taking into account the relations (7) — (9),
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has the form

-~

7
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Substituting (14) into (13), we obtain sixth degree
equation for determining the frequency of SPR

2
6 ©p 2 4
o, —| —2—-v o, +
P [ew +2¢, bulke | ™sp (16)
+ ZYbulk'//'O‘)?p +.77% =0,
which gives an opportunity to study its size dependence.

2.4 Field Amolification in the Neighborhood of
Nanoparticles and Radiation Efficiency

The frequency dependencies of the radiation effi-
ciency and amplification of electric fields in the neigh-
borhood of the plasmonic nanoparticle, embedded into
the absorbing layer, are given by the relations

1
EJlrad = C (17)
1+ abs
sca
2
s =p+2 19)
-
where the absorption cross-section and scattering
cross-section
®
Cabs =" \fm Ima ’ (19)
c
1 o 2
sca :aché ol , (20)

polarizability of the spherical metallic nanoparticle

_ g (@) -6
a(m)—R 6((0)+26m . 21)

and for the dielectric function, we will consider Drude
model to be valid, according to which

b
N p
e(m) =€ w(w+iyeff) . (22)

2.5 Volt-Ampere Characteristics of Schottky
Barrier

When plasmonic nanoparticles are embedded into
the absorbing semiconductor layer, Schottky barrier
appears. Such a barrier is described by the volt-ampere
characteristic, which, taking into account the excitation
of plasmonic resonance on the surface of the nanoparti-
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cle, has the form

I=Ile ™7  _1], 23)
where the reverse saturation current
_e%s
I,=SA'T?e BT . 24)

In formulae (23) and (24): T is temperature; k; is
Boltzmann constant; A" is the effective Richardson
constant; n 1is barrier non-ideality factor; ¢p is the
height of Schottky barrier; R, is series resistance.

Further calculations will be performed according to
the formulas (10), (16) — (18), (23) taking into account
the expressions (4) — (9), (14), (15), (19) — (22) and (24).

3. RESULTS AND THEIR DISCUSSION

The calculations were performed for the cases of
nanoparticles Ag and Pt, embedded into the absorbing
layers TiO, and Si. The parameters of materials, nec-

essary for the calculations, are given in Tables 1 and 2.

Table 1 - The parameters of metals (q, is the Bohr radius)
(see, for example, [29-31] and references therein)

Value
Metals rlay, | m"'Im, € ho,, eV Yy €V
Ag 3.02 0.96 3.7 9.17 0.016
Pt 3.27 0.54 4,42 15.2 0.069

Table 2 — The parameters of the semiconductors [32,33].

Semiconductor
Value n-Si 2-Ti0,
m. [m, 0.98 0.54
m, [m, 0.52 1.79
AE,, eV 1.14 3.20
€ 12 6

Table 3 — The parameters of Schottky barriers [33,34]

Barrier

Value Pt/ n-Si Pt/n-TiO, | Ag/n-TiO,
R,Q 80 1480 720

n 1.1 1.74 1.35
o, eV 0.81 0.87 0.91

« A
A, —— 28 24 24
cm”-K

The frequency dependences of photocurrent amplifi-

cation for the thin-film solar cells, modified with spher-
ical Ag and Pt nanoparticles, for the cases of nanopar-
ticles of the different radius and absorbing layers of the
different thickness are given in Fig. 4. The significant
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increase in photocurrent with increasing radius of em-
bedded plasmonic nanoparticles and with decreasing
thickness of the absorbing layer is the general trend for
the above curves. The introduction of the large nano-
particles into the small thickness absorbing layer is the
complicated technological task from the practical point
of view. Therefore, there are constraints from above on
the radius of the plasmonic nanoparticles and from
below on the thickness of the semiconductor layer. The
increase in photocurrent with increasing nanoparticle
radius is explained by the enhancement of the scatter-
ing on nanoparticles as their volume increases (see, for
example, [29]). Moreover, it should be pointed out the
qualitative difference between the curves I, (03)/ I ((0)

for the solar cells with the different absorbing layers
and modified by the nanoparticles of different metals.
Thus, in the case of the modification of the solar cells
by Pt particles, the indicated curves have maximums,
while in the case of embedded Ag particles there is a
weak monotonic decrease in photocurrent with increas-
ing frequency. Such behavior of the curves I, (03) / I ((0)

can be explained by the fact that their maximums for
the structures Pt/Si and Pt/TiO, correspond to the

frequencies of the surface plasmonic resonance, while
hwfpg < AE?O‘Z , and the domain of definition of the func-
tion f(ho)=1, (ho)/I(ho) is ho>AE, .

The size dependencies for the frequencies of the sur-
face plasmonic resonance, obtained from the solution of
the equation (16), are presented in Fig. 5. Let us point
out that in the case of nanoparticles Ag/TiO, the fre-

quency of SPR is almost independent on the radius,
and in the case of nanoparticles Pt/Si and Pt/TiO,

the frequency of SPR decreases weakly with increasing
radius of the particles. This indicates that, in most cas-
es, the dissipation-free approximation can be used to
determine the frequency of the surface plasmonic reso-
nance, and for spherical nanoparticles

o
0, = —— (25)

sp
,/ew +2¢,

Regarding the frequency dependences of the radia-
tion efficiency, it should be pointed out that the corre-
sponding curves for all the considered structures are
qualitatively similar (Fig. 6), and the values of the ra-
diation efficiency at the same frequencies grow with
increasing radius of plasmonic nanoparticles, embed-
ded into the semiconductor layer, which is associated
with the growth of the scattering cross-section with
increasing radius of nanoparticles. Moreover, the radi-
ation efficiency of the particles Ag in TiO, with

R =50 nm is greater than Pt in TiO, and Pt in Si in

the visible part of the spectrum. These results indicate
the feasibility of modifying the thin-film solar cells
with sufficiently large silver nanoparticles.
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Fig. 4 — The frequency dependencies of the photocurrent am-
plification in the cells Pt/Si (a), Pt/ TiO, (b) and Ag/TiO,
(c) under the different parameters: I — R =10 nm, H = 0.5 um;
2 - R=10nm, H=1.0um; 3 — R=10nm, H=5.0 um; 4 —
R=25nm, H=1.0um; 5— R=50 nm, H=1.0 um

The frequency dependencies of the field amplifica-
tion in the neighborhood of the plasmonic nanoparticles
Pt and Ag, embedded in volumes TiO, and Si are

shown in Fig. 7. Let us point out that the amplification
in the neighborhood of the nanoparticles Pt in TiO,

and Si increases under the decrease in their radius,
and 7

“max
plasmonic resonance. At the same time, the amplifica-
tion in the neighborhood of the nanoparticles Ag, em-
bedded in TiO,, is maximal for particles of intermedi-

correspond to the frequencies of the surface

ate sizes (R=25nm), since in this case the effective

electron relaxation rate in the nanoparticle will be min-
imal, since for the particles of small radius the surface
relaxation dominates, and for particles of larger radius
the radiation damping dominates [29].
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Fig. 5 — The size dependencies for the frequency of the surface
plasmonic resonance in the different cells: 1 — Pt/Si;
2 —Pt/TiOs; 3 — Ag/TiOq

1 —

EJl‘ad -

(o]
=3

3
ho, eV

Fig. 6 — The frequency dependencies of the radiation efficien-
cy in the structures Pt/Si (a), Pt/TiO2 (b) and Ag/TiO: (c) under
the different radii of the nanoparticles: I — R=10nm; 2 —
R=25nm; 3— R=50nm

J. NANO- ELECTRON. PHYS. 17, 01013 (2025)

6 T T T

3
ho, eV

Fig. 7 The frequency dependencies of the amplification of
electric fields in the neighborhood of the plasmonic nanoparti-
cles for the same structures and the same values of the radii
of the nanoparticles as in Fig. 6

Volt-ampere characteristics of Schottky barrier
Pt/Si, Pt/TiOz2 and Ag/TiOz are given in Fig. 8 (the blue
curves — for the regular solar cells, the red curves — for
the solar cells, modified by the plasmonic nanoparti-
cles). Let us point out that for all considered barrier
structures under U > ¢y there is the significant (by 3-4

orders of magnitude) increase in the current, the rea-
son for which are plasmonic effects on the surface of
metallic nanoparticles embedded into the semiconduc-
tor layer.
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10°
10'

A

Fig. 8 — Volt-ampere characteristics in the structures Pt/Si (a)
and Pt/TiO2 (b): 1 —solar cells, modified by the plasmonic na-
noparticles; 2 — the regular solar cells

4. CONCLUSIONS

The frequency dependences of the photocurrent

REFERENCES

1. S.A. Maier, Plasmonics: Fundamentals and Applications
(Springer: New York: 2007).

2. A.O. Koval, A.V. Korotun, Yu.A. Kunytskyi,
V.A. Tatarenko, I.M. Titov, Electrodynamics of Plasmon
Effects in Nanomaterials (Kyiv: Naukova Dumka: 2021)
(in Ukrainian).

3. H.A. Atwater, A. Polman, Nat. Mater. 9, 205 (2010).

4. D. OConnor, A.V. Zayats, Nat. Nanotechnol. 5, 482 (2010).

5. P.XK Jain, X. Huang, LH.El-Sayed, M.A. El-Sayed, Acc.
Chem. Res. 41, 1578 (2008).

6. K. Appavoo, B.Wang, N.F.Brady,
R.P. Prasankumar, D.J. Hilton,
R.F. Haglund, Nano Lett. 14, 1127 (2014).

7. S. Grillanda F. Morichetti, Nat. Commun. 6, 8182 (2015).

8. P.K Jain, K.S. Lee, LH. El-Sayed, M.A. El-Sayed, J. Phys.
Chem. B110, 7238 (2006).

9. S.Neatu, J.A. Macia-Agullo, P. Concepcion,
J. Am. Chem. Soc. 136, 15969 (2014).

10. N. Passarelli, L.A. Perez, E.A. Coronado, ACS Nano 8, 9723
(2014).

11. N.A. Smirnova, R.O.Malysh, A.V. Korotun, V.I. Reva,
ILM. Titov, J. Nano- Electron. Phys. 13 No5, 05010
(2021).

12. M.Z. Nosirov, S.D. Matbabaeva, N. Mirzaalimov,
A. Mirzaalimov, 1. Gulomova, J. Nano- Electron. Phys. 16
No 5, 05026 (2024).

M. Seo, J.Nag,
S.T. Pantelides,

H. Garcia,

JJ. NANO- ELECTRON. PHYS. 17, 01013 (2025)

amplification in the thin-film solar cell, modified by the
spherical metallic nanoparticles, as well as such char-
acteristics of plasmonic nanoparticles as radiation effi-
ciency and amplification of electric fields in the absorb-
ing layer in the neighborhood of the nanoparticle have
been obtained. The expression for the volt-ampere
characteristic of plasmonic resonance arising at the
metal / semiconductor boundary of Schottky barrier is
modified taking into account the excitation on the na-
noparticle surface.

The significant amplification of the photocurrent in
the modified solar cells in comparison with traditional
ones has been found, and the photocurrent increases
with decreasing thickness of the absorbing layer and
increasing radius of nanoparticles, which is associated
with the enhancement of the scattering with increasing
volume of the particles.

It is shown that the frequency of the surface plas-
monic resonance is practically independent of the radi-
us of the nanoparticles, which makes it possible to use
the value of this frequency determined in the dissipa-
tion-free approximation in most calculations.

The feasibility of modifying thin-film solar cells
with silver nanoparticles, demonstrating greater radia-
tion efficiency in the visible frequency range, has been
demonstrated.

It is established that the amplification of electric
fields in the neighborhood of platinum nanoparticles
grows with decreasing of their radius, whereas in the
case of silver nanoparticles it will be maximum for in-
termediate radii, where the effective electron relaxa-
tion rate is minimal.

The calculations of volt-ampere characteristics
showed that modification of solar cells has the conse-
quence of increasing the photocurrent by three or four
orders of magnitude for voltages exceeding Schottky
barrier potential.

13. C. Sonnichsen, T. Franz, T. Wilk, G. von Plessen,
J. Feldmann, O. Wilson, P. Mulvaney, Phys. Rev. Lett. 88,
077402 (2002).

14. F. Wang, Y.R. Shen, Phys. Rev. Lett. 97, 206806 (2006).

15. C.Dahmen, B. Schmidt, G. von Plessen, Nano Lett. 7, 318
(2007).

16. J. Miiller, B. Rech, J. Springer, M. Vanecek, Sol. Energy 717,
917 (2004).

17. J.Meier, S.Dubail, S.Golay, U.Kroll, S.Fay, E.Vallat-
Sauvain, L. Feitknecht, J. Dubail, A. Shah, Sol. Energy Ma-
ter. Sol. C. 74, 457 (2002).

18. S.B. Mallick, M. Agrawal, P. Peumans, Opt. Exp. 18, 5691
(2010).

19. M.W. Dlamini, G.T. Mola, Physica B 552, 78 (2019).

20. A.A.Tabrizi, A.Pahlavan, Opt. Commun. 454, 124437
(2020).

21. S.Xiao, F. Xu, Y. Bai, J.Y. Xiao, T. Zhang, C. Hu, X.Y. Meng,
H.R. Tan, P. Ho, S.H. Yang, Solar RRL 3, 00278 (2019).

22. A. Korotun, H. Moroz, I. Titov, V. Reva, S. Shylo, 42nd Inter-
national Conference on Electronics and Nanotechnoogy
(ELNANO-2024), 197 (Ukraine: Kyiv: 2024).

23. D.M. Schaadt, B. Feng, E.T. Yu., Appl. Phys. Lett. 86, 063106
(2005).

24. W.A. Jacak, Quantum Nano-Plasmonics (Cambridge Univer-
sity Press: 2020).

25. S. Eustis, M.A. El-Sayed, Chem. Soc. Rev. 35, 209 (2006).

01013-7


https://doi.org/10.1038/nmat2629
https://doi.org/10.1038/nnano.2010.137
https://doi.org/10.1021/ar7002804
https://doi.org/10.1021/ar7002804
https://doi.org/10.1021/nl4044828
https://doi.org/10.1038/ncomms9182
https://doi.org/10.1021/jp057170o
https://doi.org/10.1021/jp057170o
https://doi.org/10.1021/ja506433k
https://doi.org/10.1021/nn505145v
https://doi.org/10.21272/jnep.13(5).05010
https://doi.org/10.21272/jnep.16(5).05026
https://doi.org/10.21272/jnep.16(5).05026
https://doi.org/10.1103/PhysRevLett.88.077402
https://doi.org/10.1103/PhysRevLett.88.077402
https://doi.org/10.1103/PhysRevLett.97.206806
https://doi.org/10.1021/nl062377u
https://doi.org/10.1016/j.solener.2004.03.015
https://doi.org/10.1016/j.solener.2004.03.015
https://doi.org/10.1016/S0927-0248(02)00111-3
https://doi.org/10.1016/S0927-0248(02)00111-3
https://doi.org/10.1364/OE.18.005691
https://doi.org/10.1016/j.physb.2018.09.027
https://doi.org/10.1016/j.optcom.2019.124437
https://doi.org/10.1063/1.1855423
https://doi.org/10.1039/B514191E

A.V. KOROTUN, S.I. SHYLO, V.I. REVA, .M. TiTov

26.

27.

28.

29.

30.

R. Stuart, D.G. Hall, Appl. Phys. Lett. 73, 3815 (1998).

J. Meier, S.Dubail, S.Golay, U.Kroll, S.Fay, E.Vallat-
Sauvain, L. Feitknecht, J. Dubail, A. Shah, Sol. Energy Ma-
ter. Sol. C. 74, 457 (2002).

S. Pillai, K.B. Catchpole, T.Trupke, G.Zhang, J.Zhao,
M.A. Green, Appl. Phys. Lett. 88, 161102 (2006).

A.V. Korotun, H.V. Moroz, R.Yu. Korolkov, Funct. Mater. 31,
119 (2024).

A. Korotun, G. Moroz, R. Korolkov, I.Titov, IEEE XIIIth
International Conference on Electronics and Information

31.

32.

33.

34.

JJ. NANO- ELECTRON. PHYS. 17, 01013 (2025)

Technologies (ELIT-2023), 320 (Ukraine: Lviv: 2023).

H.V. Moroz, V.P.Kurbatsky, A.V.Korotun, N.M. Nagorna
J. Nano- Electron. Phys. 16 No 6, 06032 (2024).

LI Nedrygailov, C.Lee, S.Y. Moon, H. Lee. J.Y. Park, Rev.
Sci. Instrum. 87, 114101 (2016).

S.W. Lee, H. Lee, Y. Park, H. Kim, G.A. Somorjai, J.Y. Park,
Surf. Sci. Rep. 76, 100532 (2021).

A. Raghav, K. Hongo, R. Maezono, E. Panda, Comput. Mater.
Sci. 214, 111714 (2022).

Ioxpamenus isuKoO-TeXHIYHNX XapPaKTePHUCTUK TOHKOILIIBKOBUX COHAYHUX €JIEMEHTIB IIpu ix

mozaupikarii IJIa3MOHHMMUA HAHOYACTUHKAMU
A.B. Koporyu!2, C.I. lluno?, B.I. Pesal, I.M. Titos!

1 Hayionanvruil yHigepcumem «3anopidvka nosimexuika», 69063 Sanopiscocs, Yepaina
2 Inemumym memanogpizuxu im. I. B. Kypoomosa HAH Ykpainu, 03142 Kuis, Ykpaina

B poGori mocoimpxyeTsest Taka BamJINBA 3a/5a9a IIa3MOHHOI (DOTOBOJIBTAIKY SIK yIOCKOHAJIEHHS TOHKOII-
JIIBKOBHMX COHSYHUX €JIEMEHTIB 34 PAXyHOK BIPOBAIKEHHSA B IX IOIJIMHAKOYUN IIap METAJIEBUX HAHOYACTHU-
HOK. OTpHMaHO YaCTOTHI 3AJIEIKHOCTI MOCUJIEHHs (DOTOCTPYMY, pasiariiiHol e)eKTUBHOCTI Ta MiNCUJICHHS
€JIEKTPUYHUX II0JIIB B OKOJII HAHOYACTUHOK, a TAKOM BHPA3 JJIs BOJIHTAMIIEPHOI XapaKTEePUCTUKU Oap’epy
IMoTTKi, 110 YTBOPIOETHCS HA MEMKI MeTaJaeBOl HAHOYACTHHKM 1 HAINBIIPOBITHUKA MOIJIMHAIOYOrO mIapy. 3a-
IPOIIOHOBAaHA y POOOTI MaTeMaTHYHa MOJesIb BPAXOBY€E BCl MEXaHI3MHU peJsIakcaliil eJIeKTPOHIB y MeTaJseBiit
HaHOYACTUHIN. PodpaxyHku Oysiy mpoBeleHi Ui BUMAAKY HAHOYACTHHOK Ag 1 Pt, BIpoBa/skeHux y mapu
TiOz i Si. BeranosisieHo hakT cyTTEBOrO IMisICHIIEHHS (DOTOCTPYMY IPH 3MEHIIEHH] TOBIIWHY IIOTJIMHAKYOIO
mapy Ta 30LIbIIeHHI pajiycy BIPOBAMIKEHNX ILIA3MOHHMX HAHOYACTHHOK. IIpy IIbOMy CHEKTpaJIbHHUMI Iia-
Ia30H TOHKOILIIBKOBUX COHSYHUX €JIEMEHTIB BU3HAYAETHCS BJIACTUBOCTAMHM HAIIIBIIPOBIIHUKA, IIEPIII 34 BCe
IMUPUHOI0 3a00POHEHO] 30HH MOIVIMHAYOro Irapy. Po3paxyHku noxkasaiu ciabky po3MipHY 3aJIesKHICTh da-
CTOTH IIOBEPXHEBOI0 IIJIA3MOHHOIO PE30HAHCY 1 CUJIBHY 3aJIEKHICTH II0JIOKEHHS MAKCUMYMIB CIEKTPAIbHUX
XapaKTepUCTUK Bl BJIACTUBOCTEN MarepiajiiB HAHOYACTMHOK 1 morsmHaodoro mapy. [IpogemoncrpoBano
mepeBary CpiOHMX HAHOYACTHHOK IIepeJ] MJIATHHOBMMH, OCKLIBKY Ha OJHAKOBHX YACTOTAX BOHU 3a0e3rmedy-
I0Th OLJIBIINY pagialiiiny eQeKTUBHICTh. Pe3yIbTaTh po3paxyHKIB YACTOTHUX 3AJIEKHOCTEH IIIICUJICHHS eJie-
KTPUYHUX IOJIB B OKOJII IUIA3MOHHUX HAHOYACTHHOK CBLIYATH IIPO HOT0 3pOCTAHHS 31 3MEHIIIEHHSIM PAaJIiyCcy
HAHOYACTHHOK IUIATHHW, Y TOM Yac K HAUOLIBITNM MAaKCAMaJbHe 3HAYEHHS I1JICHJIEHHS Oy/Ie B OKOJIMITL
HAHOYACTHHOK CPibJIa MPOMIKHUX PO3MIPIB, IO MMOSICHIOETHCS MTOCTA0JIEHHSIM IIPOIECy PesIaKcallii eJeKkTpo-
HIB y YACTMHKAX caMe TakuX poaMmipis. [Toxasano piske (Ha 3-4 mopsaaky) 30LILIIEHHS CTPYMY B MOIU(IKO-
BaHUX COHAYHUX €JIEMEHTAX y MOPIBHAHHI 3 TPAIUIIIMHUMY IIPU HANPYrax, AKi mepeBHINyoTs 6ap’ep Ilot-
TKI, 10 TIOSICHIOETHCS 30y/MKEHHAM IJIA3MOHHUX PE30HAHCIB HA II0BEPXHI METAJIEBUX HAHOUACTUHOK.

Knrouori cioea: TourommiBroBuit coustunuii enement, Cdepruna meraneBa HanHodacruura, DorocTpym,
[Iasmonnnit pesoHanc, BospraMmnepHa XapaKTepUCTHUKA.
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