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The paper considers a program for determining the plasmonic parameters of some metals using the
least squares method based on experimental data. Analytical expressions are obtained for the real part of
the dielectric function as a function of the wavelength of the incident light. It is found that in all metals at
a wavelength of the incident light 2 > 0.7 pm, nanoplasmons can be formed. The dependence of the dielec-
tric constants of Au, Ag, Cu, Al, Ni, Pt, Zn, and Ti nanoparticles, which are used for solar energy today, on
the wavelength is studied. Also, the wavelengths that create the nanoplasmonics effect are determined. It
is found that the plasmonic wavelength for gold, silver and platinum nanoparticles is equal to 142.9 nm,
79.1 nm, and 163.9 nm, respectively. Among metal nanoparticles, Al has the shortest plasmon wavelength
and Pt has the longest wavelength. Metal nanoparticles are introduced into silicon-based solar cells mainly
to modify photons in the infrared spectrum to photons in the visible range, because silicon mainly absorbs
photons in the visible range but cannot absorb photons in the infrared range. In order for a metal nanopar-
ticle to convert infrared photons into visible photons, the plasmon wavelength must be larger. Therefore,
Pt nanoparticle is considered to have the best plasmon coefficient for input into silicon solar cells. The real
part of the dielectric constant is spread over the Taylor series and the unknown coefficients are determined
by the least squares method. One of the main parameters is the wavelength-independent part of the dielec-
tric coefficient. It is equal to 8.76, 14.154, 26.95, 4.830, 0.189, 6.72, and 3.688 for Au, Ag, Cu, Al, Ni, Pt, Zn,
and Ti, respectively. Therefore, it is found that Pt has the smallest dielectric coefficient and Al has the
largest. The smallest error in the calculation according to the least squares method occurs in Pt and the
largest error occurs in Al.
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1. INTRODUCTION

It is known that the nanoplasmonic effect is ob-
served in metal nanoparticles embedded in the semi-
conductor surface of solar cells [1]. Fluctuations in the
electron density of metal nanoparticles have a resonant
frequency — localized plasma resonance (LPR) in the
visible and infrared parts of the spectrum [2]. There-
fore, the main task of nanoplasmonics is the study of
optical and electrophysical processes caused by LPR.
LPR is caused by the formation of potential charges in
the surface charge and oscillations of electrons in the
medium under the action of an external electromagnet-
ic field. The resonant properties of metal nanoparticles
(plasmons) and the accumulation of an electromagnetic
field around them make it possible to observe many
new effects. Based on these effects, optoelectronic de-
vices with plasmonic nanoparticles, nanoscale lasers,
and highly efficient solar cells have been proposed and
implemented [3].

There are two different methods for theoretically
calculating the resonant frequency of a plasmon and
the distribution of the corresponding electromagnetic
fields inside and outside the nanoparticle. With the
sources given in the first method, the system of Max-
well equations is solved using analytical solutions
available for different frequencies or numerical meth-
ods, and depending on the frequency, different charac-
teristics are obtained [4]. For example, this may be the
scattering or absorption cross section. The maximum
value of the cross section corresponds to the plasmon
resonance, and the corresponding distribution of the
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electromagnetic field characterizes the structure of
plasmons.

In another, more convenient way of describing the
plasmonic properties of nanoparticles, the main role is
played not by resonant frequencies, but by the dielec-
tric functions corresponding to them [5]. This method is
based on the fundamental properties of plasmons and
allows you to simultaneously characterize particles of
the same shape [6], but made of different materials, as
well as to better understand the nature of plasmons. In
this method, the main attention is paid to studying the
influence of the shape of nanoparticles on their elec-
tromagnetic and optical properties. In both methods,
the frequency dependence of the permittivity of metals
plays an important role [7].

2. MATERIALS AND METHOD
2.1 Theory

Let us consider important particular cases of wave
propagation in metals. The expression for the dielectric
constant of metals [3]
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has a different character at lower and higher frequen-
cies. At high frequencies, the second term in the de-
nominator of the expression can be neglected, then the
permittivity is determined by the expression:
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This nature of dispersion phenomena at high fre-
quencies is due to the inertia of free electrons: in the
time interval between two scatterings, the electron
performs multiple oscillations, since 7' << z.

When o< api, the permittivity is negative, and the
refractive index is imaginary. This means that a wave
of this frequency cannot propagate in metals due to the
presence of strong absorption, which is not associated
with energy absorption. In this case, the permittivity is
real. In practice, when < api, total internal reflection
of the incident wave occurs. When o> @pi, the refrac-
tive index is real, and the metal becomes transparent to
radiation. When w << y, expression (1) can be reduced to
the form:
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Therefore, the permittivity in this case is imagi-
nary. Such waves penetrate the metal at short distanc-
es from the wavelength in vacuum. For them, the re-
flection coefficient is close to unity, i.e., they are practi-
cally reflected from the surface.

At intermediate frequencies, expression (1) is used
for the permittivity. In this case, the dielectric constant
has a complex value, and the refractive index has real
and imaginary parts that are different from zero, de-
pending on the frequency.

At the same frequencies, the wave vector of a sur-
face plasmon is greater than the wave vector of a free
photon, and therefore it is impossible to excite surface
plasmons by ordinary photons [3]. Surface plasmons
are also excited at frequencies where the permittivity of
one of the media at the metal-external interface is neg-
ative, 1.e., under conditions
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Thus, nanometals embedded in the surface of semi-
conductors behave differently depending on the fre-
quencies of the electromagnetic radiation incident on
them. Therefore, the study of the dependence of the
complex permittivity of metal nanoparticles embedded
in the silicon surface on the frequency (wavelength) of
incident electromagnetic waves is one of the topical
problems of nanoplasmonics. In particular, the dielec-
tric function of a metal nanoparticle and the semicon-
ductor surrounding it is strongly related to the wave-
length of the incident light, taking into account changes
in the electric field at the boundary, depolarization, and
radiation losses.

As is known [1], the real part of the permittivity of
metals depends on the wavelength of the incident light as
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We expand this expression in a Taylor series in
powers of A(12):
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On the other hand, according to the results of the
experiment, it is possible to determine the relationship
between any two physical quantities using the least
squares method. Presenting the results of the experi-
ment between Res and A [8] as

Ree=A,+ AL+ A0 + A S, (7

it is possible to determine the coefficients A; by the
least squares method. Further, comparing expressions
(6) and (7), we can obtain

e,=Ayy A =1I\-A , 2, =112,JA,. (8§

3. RESULTS AND DISCUSSION

On Visual Basic-6.0, a program was developed to
study the dependence of the permittivity of metals on
the wavelength of incident electromagnetic waves. The
results obtained using this program were sent to MS
Excel, described using graphs, compared with experi-
mental results and used to calculate the main parame-
ters of silicon-based solar cells with the introduction of
metal nanoparticles.

Table 1 — Plasmon parameters of metals

o Ap Af 2

Au 8.764 | 0.1429 7.489 0.204
Cu 6.13 0.1502 3.255 0.320
Ag | 14.154 | 0.0791 0.691 0.135
Al 26.95 | 0.0501 0.775 1.072
Ni 4.830 | 0.1308 0.909 0.047
Pt 0.189 | 0.1639 1.296 0.028
Zn 6.720 | 0.0845 0.632 0.573
Ti 3.688 | 0.1485 0.713 0.089
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Fig. 1 — Dependence of the real part of the dielectric function
of metals on the wavelength of the incident light, Ree= f(1)

As an example, the plasma coefficients of metals
such as gold (Au), silver (Ag), copper (Cu) and platinum
(Pt) were determined from the results of the experi-
ment presented in [9] using the program. The calcula-
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tion results are given in Table 1. The results obtained
practically agree with the results of [1, 3, 10].

Fig. 1 shows the dependence of the real part of the
dielectric function of metals like (Au), silver (Ag), cop-
per (Cu) and platinum (Pt) on the wavelength of the
incident light, built on the basis of parameters deter-
mined using the least squares method. The figure also
shows the dielectric function of silicon (Si) [10].

4. CONCLUSIONS

It can be seen from the graphs that in all metals at
a wavelength of incident light 4> 0.7 um, conditions (4)
are satisfied, i.e., nanoplasmons can be formed.

Thus, in this work, a program has been developed
for determining the plasmon coefficients of metals, and
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Hamipemnipuvni miradamoHHi kKoedinienTy MmeTasiB 1/11 HAHOIUIA3MOHIKH
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VY poboTi posrisHyTO mporpaMy JJisi BU3HAUYEHHS ILIA3MOHHUX [IAPAMETPIB JeSKUX MeTAJIB MeTOI0M
HAUMEHIINX KBAPAaTiB HA OCHOBI €KCIePUMEHTAIbHUX maHnX. OTpUMAaHO aHAITUYHI BUPA3H IJIA JIMCHOI
YACTHUHH TieJeKTPUYHOI IIPOHUKHOCTI AK PYHKINI JOBMKUHN XBHJII MATAalUvoro cBiT/ia. BeraHoBiieHo, 1o B
yCiX MeTaJiax MpPY JIOBMKWHI XBHJI MAIaodoro csitiaa A > 0,7 MKM MOKYTHh yTBOPIOBATHCA HAHOILUIA3MOHU.
JlocmimxeHo 3a/IesKHICTD MieJIeKTPUYHOI IPOHUKHOCTI HaHodacTuHOK Au, Ag, Cu, Al, Ni, Pt, Zn ta Ti, axi
CHOTOJIHI BHKOPUCTOBYIOTHCS JIJIsI COHSYHOI €HEePreTHKH, BiJl JOBKUHU XBUII. Takok BU3HAYEHO NOBIKUHU
XBWJIb, K1 CTBOPIOIOTEH e)eKT HAHOIJIA3MOHIKH. Y CTAHOBJIEHO, IO TIA3MOHHA JTOBMKHWHA XBUJII JJIsT HAHOYA-
CTHUHOK 30JI0Ta, cpibia Ta IiathHu AopiBHIOE 1429, 79,1 ta 163,9 am BinmosimHo. Cepes MeTaeBUX HAHO-
vacTuHOK Al Mae HAWKOPOTIITY TLIA3MOHHY JOBMKHUHY XBUJI, a Pt Mae HalmoBITy MOBKHUHY XBHJIl. MeTasesl
HAHOYACTUHKY BBOJSATHCS B KPEMHIEB] COHSYHI €JIEMEHTH TOJIOBHUM YHHOM JIJIsI 3MiHU (POTOHIB B iH(ppave-
PBOHOMY CITEKTPl HA (DOTOHU Yy BUIUMOMY JIATIA30H], OCKUIBKA KPEMHIN IepeBaskHO IIOTJINHAE (DOTOHU Y BHU-
IMMOMY [T1aTIa30Hi, ajie He MOjKe IOTJIMHATHA (DOTOHU B IH(MpayepBoHOMY JiamasoHi. JlJis Toro, mob meraste-
Ba HAHOYACTHHKA II€PETBOPIOBAJIA 1H(padepBoHi (MOTOHN y BUANMI (DOTOHH, JOBKHMHA XBHJIL IIJIA3MOHA II0-
BuHHA OyTy Oiibmon. ToMy BBaskaeTbes, IO HAHOYACTHHKA Pt Mae HaWKpalmnil ILIa3MOHHMI KoeillieHT
[IJIsl BBEIEHHS B KPEMHIeB1 COHsuHI esiemMeHTH. J[ilicHa YacTUHA MieJIEKTPUYHOI IPOHUKHOCT] PO3IIOIIIAETh-
ca o pany Teinopa, a HeBigomi KoedillleHTH BU3HAYAIOTHCA METOIOM HalMeHInX kBampatis. OmHuM 3 oc-
HOBHHUX IIApaMeTpPIB € He3aJIesKHA Bl JOB/KHMHMW XBHJII YacTHHA KoedillieHTa TieJeKTPUYHOI IIPOHUKHOCTI.
Haa Au, Ag, Cu, Al, Ni, Pt, Zn i Ti Bona mopiBumoe 8,76, 14,154, 26,95, 4,830, 0,189, 6,72 i 3,688. Tomy
BCTAHOBJIEHO, II0 Pt Mae HaliMeHIINA KoeilieHT ieJIeKTPUYHOI IPOHUKHOCTI, a Al — Hanbiabmmi. Haii-
MeHIIIa ITOXU0Ka PO3pPaxyHKy 3a METOAOM HaWMeHIINX KBaApaTiB Mae miciie B Pt, a HaitOiabma — B Al.

Kmiouori ciosa: Meron malimenmwmx kBanpartis, JliesekTpuuna mpoHuKHICTh, Hawmommasmonika, [laas-

MOHHA JacToTa, HaHouacTuHKA.

04024-3


https://doi.org/10.3367/UFNe.0182.201205e.0543
https://doi.org/10.21272/jnep.10(6).06008
https://doi.org/10.21272/jnep.10(6).06008
https://doi.org/10.1515/nanoph-2019-0396
https://jnep.sumdu.edu.ua/en/component/content/full_article/104
https://doi.org/10.15330/pcss.22.4.756-760
https://doi.org/10.1021/jp026731y
https://doi.org/10.1021/jp026731y
https://doi.org/10.1002/adfm.202005400
https://doi.org/10.1002/adfm.202005400
https://doi.org/10.1103/PhysRevB.66.153201
https://doi.org/10.21272/jnep.13(4).04033
https://doi.org/10.21272/jnep.13(4).04033

