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Abstract—Work is devoted to a research of dimensional changes in optical properties of nanosized copper particles with
sizes less than 10 nm in statistically inhomogeneous systems. Experimental spectral and dimensional dependences of the
complex specific electric polarizability of nanosized copper particles with experimental-analytical method are determined
in the optical spectral range from 0.2 to 1.1 pm. The values of the complex specific electric polarizability were determined
by analytical solution of Rosenberg’s spectrophotometric equations with the use of experimental results of spectrophoto-
metric measurements of transmission and reflection coefficients of copper islet films and the results of electron microscopic
studies of their morphological microstructure, taking into account the statistical analysis of the particle size distribution.
Nanosized copper particles with a statistically inhomogeneous structure in the system of islet films on quartz substrates were
obtained by vacuum-magnetron sputtering. An analysis of function of copper nanoparticles distribution in size in a system
with a statistically inhomogeneous structure was carried out using the Pearson’s consensus criterion.

To find out the features of optical absorption of nanosized copper particles, their experimental spectral and dimensional
dependences of the complex specific electric polarizability are compared with the corresponding characteristics for model
particles with properties characteristic for macroscopic volumes of copper. It was found that the optical properties of
nanosized copper particles differ from optical properties of copper in a macroscopic volume. An increase in the absolute
values of the components of the complex specific electric polarizability of spherical nanosized copper particles with decreas-
ing their diameter within the range from 8 nm to 3.2 nm for wavelengths of 0.2 - 1.1 pm is established.

The spectral dependences of optical parameters of nanosized copper particles according to well-known theories of clas-
sical and quantum dimensional effects are calculated. In order to study the nature of dimensional dependences of optical
parameters of copper nanoparticles, a comparative analysis of calculated and experimental spectral and dimensional
dependences of their optical parameters was carried out. It is shown that the experimental dimensional changes in the com-
plex specific electric polarizability of copper particles in the investigated range of sizes not be due to the classical or quantum
dimensional effect in the dipole approximation.

Ref. 36, fig. 3.
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In practice, noble metals, gold and silver are the most
widely used in nanostructured metal-dielectric systems,

l. INTRODUCTION

Nanosized metal particles and nanostructured metal-
dielectric systems on their basis have a number of non-
linear optical effects. It determines a widespread practical
application of these structures in optoelectronics [1],
information security and transmission systems [2], pho-
toelectric and photothermal energy converters for energy-
saving technologies [3, 4]. The example of nanostruc-
tured metal-dielectric system future usage is the optical
waveguides for interconnections at the upper levels of
integrated circuits [5]. In this case, the electro-optical
receivers and emitters converting electric signals in the
light are formed it the metal-dielectric layers of dielectric.
These integrated optoelectronic devices can accelerate
the information transmission by two orders and signifi-
cantly decrease the energy consumption [6].

due to their electrophysical properties.

Copper has similar optical properties to noble metals
[6, 7]. At the same time copper is technologically com-
patible with the processes used in the microelectronics. It
allows to implement the optoelectronic devices on silicon
technology. Therefore, the possibility of using copper
instead of gold can reduce the cost of created devices. In
a view of these features copper is a promising material for
mass production of above devices. However, it should be
noted that the essential disadvantage of copper is insuffi-
cient chemical resistance. As a result, it changes the opti-
cal parameters of copper [8]. This problem can be solved
by using chemically stable dielectric components such as
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silicon dioxide and aluminum oxynitride in nanocompo-
site systems [9, 10]. In [11] it is shown that at the same
time it is possible to increase and optimize the optical
selectivity parameters of the metal-dielectric systems.

In order to solve the indicated applied and fundamen-
tal tasks the information on dimensional dependence of
nanosized metal particles optical parameters (electric
polarizability a=ai-ia, dielectric  permittivity
£= & - g, etc.) is important. It should be noted that reli-
able experimental data on «, ¢ metal nanoparticles dimen-
sional dependences are limited in the literature [12, 13] or
the microstructure in such studies is evaluated indirectly
[10]. Therefore, as a rule, the metal nanoparticles optical
parameters are identified with their values in macroscopic
volume of the corresponding metals or theoretically cal-
culated [11, 14]. This approach leads to significant errors
in the predication of nanostructured systems optical
parameters.

A number of known theories describes dimension
effects of electromagnetic properties in small metal parti-
cles [15, 16]. These theories bind the dipole resonance in
metal particles to the surface plasmon resonance of con-
duction electrons. From a phenomenological point of
view, the dipole resonance is conditioned by a fluctuation
of e values on the particle surface. According to the theo-
ries of electromagnetic parameters change, three types of
dimension effects cause the reduction of particles size
[17, 18, 19, 20]. The size of particle is compared in these
theories to one of the following three microscopic metal
parameters: the quantum effect is the length of de Broglie;
the classical effect is the mean free path of conduction
electrons; the screening effect is the lengths of Tomas
Fermi screening. It is shown [15, 19] that in the classical
dimensional effect the value of |&| particles increases
with decreasing Do, and |&| is not dependent on Do. How-
ever, it should be noted that [12, 13] experimentally
established that the silver nanoparticles &, value decreases
with decreasing Do in the spectral range 1 - 3 eV. Thus,
the information on theoretical dimensional dependencies
is highly controversial and requires an analysis and addi-
tional research.

According to [21] the mean free path of copper con-
duction electrons is 27 nm. Since copper « particles with
a size in the range from 1 to 10 nm are studied in this
work, it is important to carry out the analysis of « in terms
of classical [19, 22] and quantum [18] theories of dimen-
sional effect.

An experimental-analytical method of metal particle
o. value determining on the basis of spectrophotometric
and electro-microscopic measurements on two-dimen-
sion systems with a statically homogeneous structure and
the analytical solution application of the inverse problem
of the spectrophotometric system of Rosenberg theory is
presented and sustained in [23].

In addition, with the further development of the
experimental-analytical approach, the method of & nano-
particles value determining in the systems with a statisti-
cally inhomogeneous structure is improved by taking into
account the statistical analysis of the particle distribution

by size. It is shown that the advanced experimental-ana-
lytical method application made it possible to increase the
accuracy of obtaining the experimental values of o nano-
particles [24].

Analysis and research of methods of nanostructured
layers formation, in particular copper, show that magne-
tron sputtering is effective and promising method [25, 26,
27, 28]. The work [27] presents the results of studies on
technological parameters influence on the morphology of
copper nanostructured films in magnetron sputtering.
This method made it possible to use polymer materials as
substrate. It extends the scope of nanostructured systems
application.

The determination and reproducibility of electromag-
netic parameters in real nanosized structures is a signifi-
cant problem of nanostructured systems usage in the
design and production of functional devices of different
application [2, 29, 30].

The proposed methodology and developed analytical
and calculating apparatus in [23, 24] made it possible to
determine the nanoparticles electromagnetic parameters
in real nanostructured systems and optimize the techno-
logical processes regimes of their formation.

Thus, the present work is devoted to the investigation
of the experimental spectral characteristics of the com-
plex specific electric polarizability of copper nanoparti-
cles with size less than 10 nm in the range of wavelength
0.2-11um by using the experimental-analytical
method. Copper nanoparticles are formed by magnetron
sputtering in the form of monolayer (islet film) on
a quartz substrate. The obtained spectral dependencies «,
o, are compared to the corresponding characteristics of
copper in macroscopic volume in order to find out the fea-
tures of copper nanoparticles optical absorption. An anal-
ysis of nature of copper nanoparticles dimensional
changes based on theories of quantum and classical
dimensional effects is carried out in order to investigate
the dimensional dependencies of their optical parameters.

Il.  METHODOLOGY AND MATERIALS OF THE EXPERI-
MENT

A. Determination of the complex specific electric
polarizability

To investigate the optical properties of copper nano-
particles, we use complex specific polarizability of nano-
particle o = o - iaz, Where o = 4za'IV, V is a volume, and
o' = a1 - ia'; is the complex polarizability of the nanopar-
ticle.

The values of copper nanoparticle complex specific
electric polarizability are determined by experimental-
analytical method, taking into account the analysis of the
particle distribution by size statistics [24]. The method is
based on experimental studies of microstructure and spec-
trophotometric measurements of reflection transmission
coefficients on two-dimensional systems and analytical
solution of the inverse problem of the spectrophotometric
system of Rosenberg equations, taking into account the
function of nanoparticles distribution by size. In this case,
a two-dimensional metal-dielectric system represents
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monolayers of metal nanoparticles on a transparent sub-
strate. Experimental values of copper nanoparticles ai, a2
in a medium with dielectric permittivity en are defined
provided that &, = (1 + &;)/2, where & is the dielectric
permittivity of the substrate [12].

The choice of a physically substantiated solution from
the possible mathematical roots of a in the studied range
of the spectrum is carried out in accordance with the prin-
ciples presented in [24].

B. Technology of forming samples. Microstructural
and optical research

To provide an experimental-analytical approach to the
determination of copper nanoparticles optical parameters,
a series of samples of copper islet films was made and the
electro-microscopic and spectrophotometric studies were
carried out. Samples of copper islet films with weight
thickness of 0.5 - 2 nm were obtained by vacuum-magne-
tron sputtering on constant current with a flat target in
which “deoxidized” copper is used. The process of
nanosized copper layers formation was determined by
varying of the following technological parameters: sub-
strate temperature, working gas pressure, magnetron
power. The range of working pressure after taking argon
was 0.6 - 15 Pa. The thickness of the films and the rate of
their deposition were controlled by the method of the
quartz resonator. Samples were exposed to the air after
cooling in vacuum to room temperature. The control of
films weight thickness was carried out with the help of
a quartz resonator method. Deposition of nanosized cop-
per films was carried out on prepared (according to the
standard method) substrate of quartz.

The results of electro-microscopic and spectrophoto-
metric studies of copper islet films on a quartz substrate
are described in [27].The morphological structure and
phase composition of copper condensates are studied by
the method of translucent electron microscopy and dif-
fraction of electrons. The production of samples is carried
out by a replica method according to standard methods.
The technique of films preparation is selected to exclude
changes in their structure.

Electro-microscopic  studies have shown that
nanosized copper films have an islet statistically inhomo-
geneous structure and the shape of particles is close to
spherical. An analysis of function of copper nanoparticles
distribution in size was carried out using the Pearson’s
consensus criterion »? [31]. It is determined that
nanosized cooper particles have a diameter of
Dp=3.2-8.0nm with a surface concentration of
No = (4.5+9.4) - 10" cm™.

Spectrophotometric measurements of copper islet
films in the range of wavelength 0.2 - 1.1 ym at room
temperature were performed using spectrophotometer
SF-16. Measurements of the monochromatic transmis-
sion coefficients T were made on air at normal angles of
light fall at sample. Measurements of the monochromatic
coefficients of reflection R were made on aluminum mir-
ror with a special prefix at angles of light fall at sample
similar to the normal one. Measurement error for T was

+1%, and for R — not more than £3%. An obtained spec-
tral dependences of T, R of copper island films are pre-
sented in [27].

C. Determination of optical parameters of nanoparti-
cles based on theories of classical and quantum
dimensional effects

Theories of quantum [15, 18] and classical [22]
dimensional effects associate the dipole resonance in
metal particles with surface plasmon resonance of con-
duction electrons.

A theory of electromagnetic properties of small metal
particles is developed in [15] based on idea that dimen-
sional changes are conditioned by surface plasma excita-
tions of conduction electrons due the influence of the par-
ticle surface.

The complex dielectric permittivity of small metal
particles in this theory is determined by the relations:

&1(w,Ry) = &1, (w) + &15(w, Ry) 1)

&2(w, Ry) = &3 (w) + £25(w, Ry) (2
where gi5(w, Ro), &s(w, Ro) is the real and imaginary part
of the complex dielectric permittivity of the particle,
which takes into account the dimensional: &v(w) and
&v(w) is the real and imaginary part of the complex die-
lectric permittivity of the material in a macroscopic vol-
ume; w = 2mc/A is cyclic frequency of electromagnetic
radiation; c is speed of light; Ro = Do/2 is radius of the
particle.

Expressions of dimensional changes &s(w, Ro) are
used in the case of a quantum dimensional effect condi-
tioned by the quantization of electron states in the con-
duction band [18]:

32e2f(v)
ThwRg

)

where f(v) =v73 fvlo x3(x +v)dx; v = f;_“’, Vo=1-vV
F

for v<1and vy =0, when v > 1; Er — Fermi energy;
h — Planck constant.

&2s ((1), RO) =

In [18] dependences &is(w, Ro) are not represented.

The dimensional changes in the electromagnetic
parameters of particles are related to the restriction of the
particle size of the free path of conduction electrons.

Assuming that Drude theory [16] of metals about the
diffuse nature of the scattering of conduction electrons on
the surface is applicable, and provided that wsignificantly
exceeds the frequency of collisions of electrons in a mac-
roscopic metal, in [22] are obtained the relations:

&15(w, Ro) = 0 (4)

(4)2
25, Ry) = 22 - 28 ©)

on = 4;znoe2
0= /7
where Mo js the frequency of three-dimen-

sional plasmon resonances in macroscopic metal; e is the
electron charge; and no, mg are numbers, the effective
mass of free electrons.

In accordance with the classical electromagnetic the-
ory, the complex polarizability of a particle ¢ = &1 - ie; IS

(@)
L% Copyright (c) 2018 Mauynsucekuit O. B.


http://creativecommons.org/licenses/by/4.0/

ISSN 2523-4447. MikrosistElektronAkust, 2018, vol. 23, no. 2 9

related to its complex dielectric permittivity by the
expression [12]:
' 14 £—&q
- E£a+f(s—sa) (6)
where g, is the dielectric permittivity of the external envi-
ronment, f is the particle shape factor. f = 1/3 for a spher-
ical particle [16].

The dielectric permittivity and the optical constants n,
k are related by means of the relation [32]:

g =n%—k?,

{ &, = 2nk. Q)

Expression (6) is valid under the condition (dipole

approximation) that the particle size (Do = 2R0) is much

smaller than the length of the electromagnetic wave in

this medium (Do << A). This condition justifies the use of

the values & and & dependent on Dg in small particle
sizes (Do < 20 nm) in expression (6).

80 -
40- :
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IIl.  RESULTS AND DISCUSSION

The obtained by experimental-analytical method
spectral dependencies of the specific complex electric po-
larizability of copper nanoparticles at the various values
of the particle diameter Dg are shown in Fig. 1.

A comparative analysis of the obtained experimental
values of as, a, of copper nanoparticles with correspond-
ing characteristics of model spherical particles aicu, azcy
with properties characteristic of copper in macroscopic
volume are of interest. Optical constants n and k of copper
in macroscopic volume obtained in [33] are used to cal-
culate aicy, a2cu. TO achieve the correspondence between
the calculated and experimental values of a, the calcula-
tions are carried out according to the equation (6) - (7)
provided that &, = (1 + &,)/2, for values & =1 and
£o = 2.38 (fused quartz). The spectral dependences aicu,
azcy are shown in Fig. 2.
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Fig. 1 Spectral dependences of the real (a) and imaginary (b) parts of the complex specific electric polarizability of the cooper nanosized particles
at different values of the size Do: 1 -Dy=3.2nm; 2-Dy=4.0nm; 3—Dy=4.8nm; 4—-Dy=5.6 nm; 5—- Dy =8.0 nm
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Fig. 2 Spectral dependences of the real (a) and imaginary (b) parts of the complex specific electric polarizability of the copper nanosized particles
for the model sphere with values of the electromagnetic parameters characteristic of copper in the macroscopic volume [33] at different values of

eml—en =1;2-6, =1.69
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Fig. 3 Spectral dependences of the real (a) and imaginary (b) parts of the complex specific electric polarizability of the copper nanosized particles
calculated according to the classical dimensional effect theory at en = 1.69 and values of the diameter of particles DO: 1 - Dy = 3.2 nm;

2-Dg=5.6nm;3-Dy=8.0nm

The results of numerical calculations of a1, a2 nano-
particles of copper determined by the theory of classical
dimensional effect are shown in Fig. 3.

The calculation of o of copper nanoparticles is made
using the theory of quantum and classical dimensional
effects. The uncertainty in the nature of the dimensional
changes &is(w, Ro) in the theory of quantum dimensional
effect causes the calculation of aa, a2 in this theory simi-
larly as in the case of classical dimensional effect under
condition (4). Due to the fact that the size of the studied
particles is quite large, Do = 3.2 - 8 nm for the influence
of the quantum effect, therefore, it does not appear on the
dimensional dependences of a. Calculated values of a on
the theory of quantum dimensional effect do not differ
significantly from the corresponding values of « of the
classical dimensional effect.

From Fig. 1, Fig. 2 it follows that spectral depend-
ences ai, az of copper nanoparticles qualitatively and
quantitatively significantly differ from the corresponding
dependences of model spherical particles with properties
of copper in macroscopic volume. Withal the specific
polarizability in absolute magnitude increases signifi-
cantly with decreasing Do. The size increase of copper
nanoparticles from 3.2 nm to 8 nm leads to decreasing
divergence and approximation of the values a1, a, nearly
to the values of aicy, aocu.

There is a series of bands in the spectral dependences
o in the range 0.2 - 1.1 um. Namely, in the wavelength
region 0.38 - 0.46 um and less than 0.3 um.

It should be noted that in the region of wavelengths
0.6 um, with decreasing size of the copper particle from
8 nm to 3.2 nm, the maximum of the band is shifted
toward shorter wavelengths. The position of peaks in the
spectral region 0.38 - 0.46 um and less than 0.3 um
within the accuracy of the method does not depend on the
size of the particles.

The comparative analysis of Fig. 1 and Fig. 3 shows
significant quantitative and qualitative differences
between the experimental and theoretical spectral

dependencies of a1, a2 for copper nanoparticles with sizes
less than 10 nm.

In this case, the absolute values of a1, a» calculated
according to the theories of quantum and classical dimen-
sional effects decrease with decreasing nanoparticle size.
In contrast, the experimental absolute values of a1, a
increase with decreasing nanoparticle volume. A similar
trend exists for dimensional dependencies o, in the spec-
tral range A<0.6 um. These results indicate that the
experimental dimensional dependences of the dynamic
polarizability of copper nanoparticles not be conditioned
on classical or quantum dimensional effect in the dipole
approximation.

CONCLUSIONS

In the continuation of the investigations of the optical
properties of nanoparticles in statistical inhomogeneous
systems that we started in [24, 27] with the help of an
experimental analytical method, the optical characteris-
tics of nanosized copper particles in a two-dimensional
system islet copper film on a quartz substrate are deter-
mined. It is shown that taking into account the analysis of
the particle size distribution in the experimental-analyti-
cal method makes it possible to apply this approach to
nanostructured systems with a statistically inhomogene-
ous structure and reliably estimate their optical parame-
ters. The experimental-analytical method makes it possi-
ble to determine the optical parameters of nanoscale par-
ticles depending on their morphological microstructure in
the system. Inturn, it is possible to establish a relationship
between the optical properties of nanostructured systems
and the technological parameters of their synthesis [27].
Thus, this methodology makes it possible to optimize the
optical characteristics of nanostructured systems and syn-
thesize structures with given properties.

The experimental spectral and dimensional depend-
ences of the complex specific electric polarizability of
nanosized copper particles with a size of less than 10 nm
in the spectral range from 0.2 to 1.1 um were studied. It
is found that the optical properties of nanoscale copper
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particles differ from the optical properties of copper in
a macroscopic volume. Assuming that the band structure
of the copper in macroscopic volumes is also characteris-
tic of nanoparticles, one can assume that the bands in the
dependences aa, a at wavelengths less than 0.48 pm are
also due to interband transitions. The question about the
nature of the band a1, az in the region of 0.6 um, the
position and intensity of which when the particle size
decreases significantly differs from a copper in macro-
scopic volumes, requires further study.

A significant increase in the values of a, and absolute
values of oy of particles is established with a decrease in
their diameter in from 8 nm to 3.2 nm for light wave-
lengths of 0.2 - 1.1 um. This trend in the size depend-
ences of a1, o for nanoscale copper particles agrees and
confirms the regularities observed by us in the corre-
sponding dependences for nickel particles [13, 24, 34],
chromium [35], and also the "giant" growth of the values
of « described in the works [12, 36].

To study the nature of the dimensional dependences
of the optical characteristics of nanoscale spherical cop-
per particles, numerical calculations of their complex
dielectric permittivity and complex specific dynamic
polarizability were carried out according to the theories
of classical and quantum size effects. A comparative anal-
ysis of the calculated theoretical and experimental spec-
tral and dimensional dependences of optical parameters
of copper particles has been carried out. The results indi-
cate that the experimental dimensional dependences of «
copper nanoparticles cannot be due to the classical or
guantum dimensional effect in the dipole approximation.

The results of the investigations are of interest from
the point of view of a fundamental study of the optical
properties of nanosized particles and nanostructured sys-
tems based on them. Also for the creation on their basis
of functional devices for various applications with speci-
fied optical characteristics.

REFERENCES

[1] L.-Y. Shao, J. P. Coyle, S. T. Barry and J. Albert, "Anomalous
permittivity and plasmon resonances of copper nanoparticle
conformal coatings on optical fibers,” Optical Materials Express,
vol. 1, pp. 128-137, 2011, DOI: 10.1364/OME.1.000128.

[2] A. Borisova, A. Machulyansky, Y. Yakimenko, V. Bovtun, M.
Kempa, M. Savinov and B. Bondar, “Modeling of metal-
dielectric nanocomposite coatings with ferromagnetic inclusions
for ensuring electromagnetic protection of electronic devices,” in
IEEE 34th International Scientific Conference Electronics and
Nanotechnology (ELNANO), Kiev, 2014,

DOI: 10.1109/ELNANO.2014.6873955.

[3] E. Moulin, J. Sukmanowski and P. Luo, “Improved light
absorption in thin-film silicon solar cells by integration of silver
nanoparticles,” Journal of Non-Crystalline Solids, vol. 354,
no. 19-25, pp. 2488-2491, 2008,

DOI: 10.1016/j.jnoncrysol.2007.09.031.

[4] O. N. Gadomskiy, K. Altunin, N. Ushakov, I. Kosobudskiy,
V. Podvigalkin and D. Kulbatskiy, "Vyisokoeffektivnyie
prosvetlyayuschie nanostrukturnyie opticheskie pokryitiya dlya
solnechnyih  elementov  [Highly effective antireflective
nanostructured optical coatings for solar cells]," ZhTF, vol. 80,
no. 6, pp. 83-89, 2010.

[5] B. Babych, O. Borisova, O. Machulianskyi, M. Rodionov,
V. Machulianskyi, Y. Yakymenko and D. Koroliouk, "IEEE 38th
International ~ Scientific ~ Conference  Electronics  and
Nanotechnology (ELNANO)," in Applications of metal-
dielectric nanocomposite structures in information systems,
Kiev, 2018.

[6] D. Fedyanin, D. Yakubovsky, R. Kirtaev and V. Volkov,
"Ultralow-Loss CMOS Copper Plasmonic Waveguides," Nano
Letters, vol. 16, no. 1, pp. 362-366, 2016,

DOI: 10.1021/acs.nanolett.5b03942.

[71 K. M. McPeak, S. V. Jayanti, S. J. P. Kress, S. Meyer, S. lotti,
A. Rossinelli and D. J. Norris, "Plasmonic films can easily be
better: Rules and recipes," ACS Photonics, vol. 2, no. 3, pp. 326-
333, 2015, DOI: 10.1021/ph5004237.

[8] L. Guozhong, L. Huiging, L. Suanzhi, Q. Yan and L. Fachun,
"Optical properties of the oxidation of Cu thin films prepared by
thermal evaporation,” Surf. Rev. Lett., vol. 20, no. 1, pp. 135-143,
2013, DOI: 10.1142/S0218625X1350011X.

[91 A. Borisova, B. Bondar, A. Machulyansky, M. Rodionov,
Y. Yakimenko, V. Bovtun and M. Kempa, "Conductivity of metal
(Al, Cu)-dielectric composites and modeling of the single- and
multi-layer composite coatings for microwave applications,” in
IEEE 34th International Scientific Conference Electronics and
Nanotechnology (ELNANO), Kiev, 2014,

DOI: 10.1109/ELNANO.2014.6873936.

[10] S. Kurbitz, J. Porstendorfe, K.-J. Berg and G. Berg,
"Determination of size and concentration of copper nanoparticles
dispersed in glasses using spectroscopic ellipsometry,” Appl.
Phys.(B), vol. 73, no. 4, pp. 333-337, 2001,

DOI: 10.1007/s003400100657.

[11] A. Borisova, B. Babych, V. Verbitskiy, A. Machulyansky,
M. Rodionov and Y. Yakimenko, “Energy-efficient optically
transparent coating based on a metal-dielectric composites,” in
IEEE 35th International Scientific Conference Electronics and
Nanotechnology (ELNANO), Kiev, 2015,

DOI: 10.1109/ELNANO.2015.7146842.

[12] E. Bondar and M. Rodionov, "Dielektricheskaya pronitsaemost i
fure komponentyi psevdopotentsiala malyih chastits serebra
[Dielectric permittivity and Fourier components of the
pseudopotential  of small  silver particles],” Optika
i spektroskopiya, vol. 59, no. 2, pp. 463-467, 1985.

[13] A. Borisova, B. Babych, A. Machulyansky, V. Verbitsky and
Y. Yakimenko, “Dimensional dependencies of optical parameters
of nanodimensional metal particles,” in IEEE 36th International
Scientific  Conference Electronics and Nanotechnology
(ELNANO), Kiev, 2016,

DOI: 10.1109/ELNANO.2016.7493032.

[14] A. Kalenskiy, M. Ananeva and A. Nikitin, "Opticheskie
harakteristiki nanochastits nikelya v prozrachnyih matritsah
[Optical characteristics of nickel nanoparticles in transparent
matrices]," Modern scientific researches and innovations, vol. 1,
no. 43, pp. 5-13, 2014.

[15] U. Kreibig and M. Volmer, "Optical properties of metal
nanoclusters," Shpringer, p. 553, 1995.

[16] Y. I. Petrov, Fizika malyih chastits [Physics of small particles],
Moscow: Nauka, 1982, p. 359.

[17] M. C. Tringides, M. Jatlochowski and E. Bauer, "Quantum size
effects in metallic nanostructures,” Physics Today, vol. 60, no. 4,
2007, DOI: 10.1063/1.2731973.

[18] A. Kawabata and R. Kubo, "Electronic properties of fine metallic
particles. I1. Plasma resonance absorption,” J. Phys. Soc. Japan.,
vol. 21, no. 9, pp. 1765-1772, 1966, DOI: 10.1143/JPSJ.21.1765.

[19] U. Kreibig, "Electronic properties of fine silver particles: optical
constants and its temperature dependence," J. Phys. F: Metal
Phys., vol. 4, no. 7, pp. 999-1014, 1974,

DOI: 10.1088/0305-4608/4/7/007.

0]
L@ﬂ Copyright (¢) 2018 Mauynsucekuii O. B.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1364/OME.1.000128
http://doi.org/10.1109/ELNANO.2014.6873955
https://doi.org/10.1016/j.jnoncrysol.2007.09.031
http://doi.org/10.1021/acs.nanolett.5b03942
http://doi.org/10.1021/ph5004237
https://doi.org/10.1142/S0218625X1350011X
http://doi.org/10.1109/ELNANO.2014.6873936
http://doi.org/10.1007/s003400100657
http://doi.org/10.1109/ELNANO.2015.7146842
http://doi.org/10.1109/ELNANO.2016.7493032
http://doi.org/10.1063/1.2731973
https://doi.org/10.1143/JPSJ.21.1765
https://doi.org/10.1088/0305-4608/4/7/007

12

Mikpocucremu Ta (i3uyHa €IEKTPOHIKA

[20] V. P. Kurbatsky and V. V. Pogosov, "Optical conductivity of
metal nanofilms and nanowires: The rectangular-box model,"”
Physical Review B, no. 81, 2010,

DOI: 10.1103/PhysRevB.81.155404.
[21] V. Atsyukovskiy, Efirodinamicheskie osnovyi

elektromagnetizma [The ether-dynamic bases of
electromagnetism], Moscow: Energoatomizdat, 2011.

[22] U. Kreibig and C. Fragstein, "The limitation of electron mean free
path in small silver particles,” Z. Physik, vol. 224, no. 4, pp. 307-
323, 1969, DOI: 10.1007/BF01393059.

[23] E. A Bondar and A. V. Machulianskyi,
“Spektrofotometricheskiy metod opredeleniya dinamicheskoy
polyarizuemosti  ultradispersnyih  metallicheskih  chastits.
Algoritm  vyichisleniy  [Spectrophotometric method for
determining the dynamic polarizability of ultradisperse metallic
particles...],” Optics and Spectroscopy, vol. 70, no. 1, pp. 161-
163, 1991.

[24] O. V. Machulianskyi, "Optical properties of nickel nanoparticles
in systems with a statistically inhomogeneous structure,"
Microsystems, Electronics and Acoustics, vol. 23, no. 1, pp. 6-15,
2018, DOI: 10.20535/2523-4455.2018.23.1.126231.

[25] B. Babych, A. Borisova, A. Machulyansky, V. Machulyansky,
M. Rodionov and Y. Yakimenko, "Film coatings that are
transparent in the visible spectral region with shielding properties
in the microwave range," in IEEE 37th International Scientific
Conference Electronics and Nanotechnology (ELNANO), Kiev,
2017, DOI: 10.1109/ELNANO.2017.7939715.

[26] D. A. Kudryashov, A. S. Gudovskih, A. V. Babichev,
A. V. Filimonov, A. M. Mozharov, V. F. Agekyan, E. V. Borisov,
A. Y. Serov and N. G. Filosofov, "Nanorazmernyie plenki Cu20:
formirovanie metodom VCh-magnetronnogo raspyileniya,
issledovanie strukturnyih i opticheskih svoystv [Nano-size Cu,0
films: formation by RF magnetron sputtering, investigation of
structural and optical properties]," Semiconductors, vol. 1, no. 51,
pp. 111-115, 2017, DOI: 10.21883/FTP.2017.01.44005.8318.

[27] B. Babych, O. Borisova, O. Machulianskyi, M. Rodionov,
V. Verbitskiy, V. Machulianskyi and Y. Yakymenko,
"Investigation of the structure and optical properties of thin
copper films," in IEEE 38th International Scientific Conference
Electronics and Nanotechnology (ELNANO), Kiev, 2018.

Hapiiimia no penakuii 05 kBiThs 2018 p.

V]IK 535.34

[28] R. Glenga, Tehnologiya tonkih plenok [The technology of thin
films], Moscow: Sov. radio, 1977.

[29] Y. V. Didenko, A. V. Machulyansky, D. D. Tatarchuk,
O. V. Telichkina and Y. I. Yakimenko, "UHF characteristics of
metal-dielectric nanocomposite materials,” in CriMiCo-2010
20th International Crimean Conference "Microwave and
Telecommunication Technology", Sevastopol, 2010,

DOI: 10.1109/CRMIC0.2010.5632968.

[30] B. M. Bondar, A. V. Borisova, A. V. Machulyansky and
Y. I. Yakimenko, "Characteristics of shields composite coatings
based on nanodisperse particles,” in CriMiCo-2012 22th
International Conference "Microwave and Telecommunication
Technology", Sevastopol, 2012.

[31] V. T. Gmurman, Teoriya veroyatnostey i matematicheskaya
statistika [Theory of probability and mathematical statistics],
Moscow: Vyisshaya shkola, 2001, p. 479.

[32] L. D. Landau and E. M. Lifshic, Jelektrodinamika sploshnyh sred
[Electrodynamics of continuous media], Moscow: Fizmatlit,
2001.

[33] P. Johnson and R. Christy, "Optical constants of the noble
metals,” Phys. Rev. B., vol. 6, pp. 4370-4374, 1972,
DOI: 10.1103/PhysRevB.6.4370.

[34] O. Machulianskyi, B. Babych and V. Machulianskyi,
"Determination of the efficiency factors of the absorption and
scattering of nickel nanoparticles,” Informatyka, Automatyka,
Pomiary w Gospodarce i Ochronie Srodowiska, vol. 8, no. 1,
pp. 4-7, 2018, DOI: 10.5604/01.3001.0010.8541.

[35] O. Machulianskyi, "Optical characteristics of nanodimensional
particles of chrome,” HERALD OF KHMELNYTSKYI
NATIONAL UNIVERSITY, vol. 257, no. 1, pp. 203-207, 2018.

[36] E. Bondar, "O prirode kvazipoluprovodnikovogo haraktera
provodimosti malyih metallicheskih chastits [About the nature of
the quasi-conductivity of the conductivity of small metal
particles],” Optika i spektroskopiya, vol. 80, no. 1, pp. 89-95,
1996.

[InToMa eeKTpuYHa IOJISIPU30BaHICTh
HAaHOYACTHHOK M1JI1 B ONTUYHOMY
A1ana3oHi CIIEKTPY

Mauynsucekuii O. B., k.1.1., gor., ORCID 0000-0003-0057-9844

e-mail machulansky@gmail.com
HarmionansHuil TeXHIYHUN YHIBEpCUTET YKpaiHu
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Pedepar—Po60oTa npucBsiueHa 10CaiAKeHHIO PO3MIPHUX 3MiH ONTHYHUX BJIACTHBOCTEH HAHOPO3MiIPHHMX YaCTHHOK Mii
3 po3mipamu Menme 10 HM B CTATHCTUYHO HEOJAHOPiIHMX cucTeMax. B onTuuHiii odsacTi cnekTpa B Aiana3oHi 10B:KUH
xBWIb Bia 0,2 10 1,1 MKM BH3HA4Y€eHO eKCIIePUMEHTAJIbHI CIIeKTPaJIbHI Ta pO3MipHIi 3a/Ie3KHOCTI KOMILJIEKCHOI MUTOMOI eJie-
KTPHYHOI HOJIIPH30BAHOCTI HAHOPO3MIPHHMX YaCTHHOK Mi/li 32 101I0MOI010 eKCIICPHMEHTAJbHO-AHAJTITHYHOr0 MeToAYy. 3Ha-
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YeHHS] KOMILIEKCHOI MMTOMOI eJIeKTPUYHOT NOJIAPU30BAHOCTI 0/Iep:KaHi HA OCHOBI aHAJITHYHOIO PO3B’A3KY cNEeKTPodoTO-
MeTPHMYHHUX PiBHAHb Teopii Po3eHOepra 3 BHKOPHCTAHHAM eKCHEPHMEHTAJIBHUX Pe3yJbTaTiB CHEKTPO(OTOMETPHYHHUX
BUMIpiB koedinieHTiB nponyckaHHs i Bin0OMBaHHS 0CTPIBKOBUX IUIIBOK Mijli Ta pe3y/1bTaTiB eJ1eKTPOHHO-MiKPOCKOMIYHUX
J0CJizkeHb X MOP}0JI0riYHOTI MIKPOCTPYKTYPH 3 YpPaxXyBaHHSAM CTATHCTHYHOIO aHAJI3Yy pPo3Moaijly YACTHHOK 32 po3Mi-
pamu. Hanopo3mipHi yacTHHKY Mili B ccTeMi OCTPiBKOBI ILTIBKH Ha KBAPLOBUX MiIKJIAKAX OTPUMYBAJIH METOA0OM BaKYy-
YMHOI'0 MATHETPOHHOr0 pPo3NMJIeHHsl. AHAJI3 GyHKIil po3nmoginy HAaHOYACTHHOK Miji 3a po3MipaMu B cucTeMi 3 CTATHCTH-
YHO HEOJHOPITHOIO CTPYKTYPOIO IPOBEAeHO HA OCHOBI KpuTepilo y3roaxenns Ilipcona.

J1s 3’sicyBaHHA 000/ IMBOCTEli ONITHYHOIO NOTJIMHAHHSA HAHOPO3MIPHUX YaCTHHOK Mijli, X eKCllepUMEeHTAJIbHI CIeKT-
pPajibHi Ta po3MipHi 3a/1€KHOCTI KOMILIEKCHOI MUTOMOI eJIEKTPUYHOI MOJISIPH30BAHOCTI CHiBCTABJSIIOTHCS 3 BiANOBiAHUMH
XapaKTepPHCTHKAMH /IS MOAEIbHHX YACTHHOK 3 BJIACTHBOCTSMH XapaKTepPHHMH IJIsi MAKPOCKOMIYHMX 00’€MiB Mini.
BusiBiieHo, o onTUYHiI BJACTHBOCTI HAHOPO3MIPHUX YACTHHOK Mixi BiApi3HSIOTHCSA Bill ONTHYHUX BJIACTUBOCTEH Migi
B MaKpocKoniyHOMY 00’emi. BcraHoBJIeHO, 1110 20COTIOTHI 3HAYEHHS KOMIIOHEHTIB KOMILIEKCHOI MUTOMOI eJIeKTPUYHOT
MOJIAPU30BAHOCTI chePUYHUX HAHOPO3MIPHUX YACTHHOK Mili 30inb1IyIOTHCSA NpH 3MeHIIeHH] iX 1iameTpy B Meskax iHTep-
Bajy Bil 8 HM 10 3,2 um. Ilpu HboMy MoJI0:KeHHS MakcUMyMmy cMyru B obuacti 0,6 MKM 3MillyeThesl B CTOPOHY OijbII
KOPOTKHX XBHJIb NPH 3MeHIIeHHi 00’ eMy HaHOYACTUHKH Mili. TenaeHis po3MipHUX 3MiH KOMIIEKCHOI MUTOMOI eJIEKTPH-
YHOI NMOJIAPU30BAHOCTI JUI1 HAHOYACTHHOK Mili Y3ro/:KyeThes i MiTBepIKy€ 3aKOHOMIPHOCTI BUSIBJICHI B BilnoBigHUX
32J1€2KHOCTAX /ISl YaCTHHOK HiKeJI10, XpoMy, cpid.a.

Po3paxoBaHni cneKTpaJibHi 32/1€KHOCTI ONTHYHHUX NIApaMeTPiB HAHOPO3MIPHHX YaCTHHOK Mijli M0 BiAOMHMM TeopisiM Ki1a-
CHYHOI0 i KBAHTOBOI0 PO3MipHUX edeKTiB. 3 MeTOI0 JOC/IiKeHb IIPUPOAM PO3MIPHHUX 3a/1€5KHOCTell ONTHYHHX apaMeTpiB
HAHOYACTHHOK Mijli IpoBeJeHo NOPiBHAIBLHMII aHAII3 PO3PaX0BAHMX Ta eKCIIePUMEHTAJbHUX CHEeKTPAJIbHHUX i po3MipHHX
3aJiexkHocTel X onTuyHHX napamerpis. Iloka3aHo, 110 ekcepUMEHTANbHI PO3MipHi 3MiHH KOMIIEKCHOT MUTOMO] eJ1eKT-
PUYHOI MOJIAPH3OBAHOCTI YACTHHOK Mijli B 10CJHiI:KYBaHOMY iHTepBaJji po3MipiB He 00yMOBJIeHi KJIACHYHUM 200 KBAaHTO-
BUM PO3MipHUM e(eKTOM B TUNOJIBLHOMY HAGJIMKEHHI.

PesyabTaTn 10ociaixedb po3MipHHEX TA CIIEKTPAJbHHUX 3aJ1€KHOCTEH ONTHYHHUX IAPAMETPIiB HAHOYACTHHOK MiJli MOXKYTh
HAliTH BUKOPHUCTAHHA /ISl PO3POOKH METAJIOAieJeKTPUYHUX CTPYKTYP Ta (PyHKIIOHAJBLHUX NPUCTPOIB Pi3HOr0 NPHKJIAJ-
HOT'0 MPU3HAYEHHS 3 3aJaHUMH ONTHYHHMH XapaKTepucTHKaMH. BoHH Tako:k nMpeacTaBasAIOTH iHTepec 3 TOUKH 30py yH-
AaMeHTAJbHHUX NMPo0JIeM ONTHKH HAHOPO3MIiPHUX CHCTEM.

Bioa. 36, puc. 3.
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Peghepam—B onTnyeckoii 001acTH cIIeKTPa B Auana3oHe JUIMH BoJH oT 0,2 10 1,1 MKM onpeesieHbl IKCIIEPUMEHTAJIb-
Hble CHEeKTPaJibHble 3aBHCHMOCTH KOMILIEKCHOW Y/AeJbHON 3JeKTpHu4ecKoi MoJspu3yeMOCTH HAHOPa3MepPHBbIX YaCTHIL
MeJH IHaMeTpoM MeHee 10 HM ¢ MOMOIIBI0 IKCIEPHMEHTAILHO-AHAJUTHYECKOr0 MeTo/1a.

O0Hapy:KeHO, YTO ONITHYECKHe CBOICTBA HAHOYACTHI Me/IH OTJIHYAIOTCS OT ONTHYECKHX CBOICTB Mel B MAKPOCKOIIH-
4ecKOM o0beMe. Y CTaHOBJIEHO YBeJInueHne a0COII0THBIX 3HAYeH i KOMIIOHEHTOB KOMILUIEKCHOI y1e/IbHOI 21eKTPpUYecKoi
MOJIAPHU3YyeMOCTH cepHYECKUX YACTHI] MeU NPH YMEHbIICHUH HX AMaMeTpa oT 8 HM 10 3,2 HM. PaccunTansl cnekTpajb-
Hbl€ 3aBHCHMOCTH ONITHYECKHX MAPAMETPOB HAHOPA3MEePHBIX YAaCTHII ME/IM [0 TEOPHAM KJIACCHYECKOr0 U KBAHTOBOI'0 pa3-
MEpHBIX 3()(PeKTOB U N1 MOAEJBHBIX YACTHI] €O CBOHCTBAMH XAPAKTEPHBLIMHU JJI1 MAKPOCKONHMYECKHX 00beMOB Me/H.
IIpoBeaeH cpaBHUTEILHBIH AHAJIU3 PACYETHBIX M IKCHEPHMEHTAJIbLHBIX CNIEKTPAJIBHBIX H Pa3MePHBIX 3aBUCHMOCTEl 0NTH-
YyecKHX mapameTpoB 4yactuil. Iloka3aHo, YTO JIKCIepHMEHTAIbHbIC pa3sMepHble H3MEHEHHsl ONTHYECKHX IapaMeTpoB
YacTHI MeJd B HCCJIelyeMOM MHTepBaJjie pa3MepoB He 00yC/I0BJIeHbI KIACCHYECKMM HJIH KBAHTOBBIM pa3MepHbIM 3¢ ¢ek-
TOM B IMNIOJIbHOM NMPHOIHKEHUH.
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