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Abstract—The interaction between metal nanoparticles and substrates under plasmonic resonance conditions plays
a crucial role in various optical applications. In this study, we research the impact of substrate material on the optical
response of silver nanoparticles under surface plasmon resonance conditions. Using theoretical modeling based on the quasi-
static dipole approximation, we explore how the dielectric constant of the substrate affects the extinction cross-section spec-
tra of silver nanoparticles as a function of nanoparticle size and distance from the substrate surface. The calculation results
show significant shifts in the extinction peak and enhancements in the extinction cross-section values when considering dif-
ferent substrate materials, including cellulose, indium tin oxide and silver. It was found that substrates with higher dielectric
constants induce larger shifts in the extinction peak towards longer wavelengths and lead to increased extinction cross-
section values at the operating wavelength. Furthermore, it was found that the orientation of the external electric field
relative to the substrate surface influences the magnitude of these shifts. The results of the study show that while changing
the size of the nanoparticles has minimal effect on the position of the extinction peak, increasing nanoparticle size signifi-
cantly enhances the maximum extinction cross-section values. Additionally, varying the distance between the nanoparticles
and the substrate surface causes shifts in the extinction spectra, with larger shifts observed for substrates with higher
dielectric constants. These findings provide valuable insights into the design and optimization of plasmonic structures for
various optoelectronic applications. By understanding the nanoparticle-substrate interactions and their optical properties,
our theoretical study aids in the prediction of optical responses and the development of tailored optical structures for
enhanced productivity of their usage. Overall, this study highlights the importance of substrate material selection and
nanoparticle-substrate interactions in engineering plasmonic systems for advanced optical applications, paving the way for
the design of efficient and optimized optoelectronic devices and sensors.
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. INTRODUCTION in various optoelectronic devices [4], biological and

) ) ] chemical detection [5], Raman amplification [6], etc.
Metal nanoparticles are characterized by extraordi-

nary optical properties in the visible wavelength range The majority of both theoretical and experimental
[1]. Due to precise nanoscale control and the presence of ~ studies in the field of plasmonics are mainly focused on
free electrons in the metal nanoparticles, strong light-  noble metals nanostructures [7-9], and less often on
matter interaction occurs [2]. As a result, the conduction ~ semi-metals [10, 11]. All of them exhibit plasmon reso-
electrons in nanoparticles oscillate at the frequency of ~ hance in the visible and near-infrared spectral ranges,
the external field, which is known as localized surface ~ Which has led to their widespread practical use.
plasmon resonance [3]. Localized surface plasmons can The wavelength of localized surface plasmon resonance
cause strong scattering and absorption of electromag- ~ ¢an be changed over such a wide range of wavelengths
netic radiation, which enhances the local electromag- DY controlling the size, shape, and dielectric properties of
netic fields surrounding the nanoparticles, providing Plasmonic nanoparticles [1, 12]. Over the past decades,
a wide field for research and applications. The properties ~ considerable attention has been paid to the study of
of localized surface plasmon resonance are widely used ~ the effect of the shape of plasmonic nanoparticles on
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their extinction spectrum [13, 14]. Many scientific papers
have been published on the fabrication and application
of nanoparticles in the shape of triangles [15], cubes
[16], ellipsoids [17], stars [18], etc. However, spherical
plasmonic nanoparticles are still the most studied and
used.

One of the critical parameters affecting the resulting
optical response of plasmonic nanoparticles is the dielec-
tric constant of the substrate [19]. The presence of a sub-
strate near the surface of a nanoparticle affects its opti-
cal properties due to the induced field in the substrate,
although this effect is often neglected in the literature
[20]. The gap between the nanoparticle and the sub-
strate can be a source of near-field enhancement [21,
22], which has an impact on the resultant gain, for exam-
ple in Surface-Enhanced Raman Spectroscopy (SERS).
Therefore, it is very important to have a clear under-
standing and research the interaction of plasmonic nano-
particles with the substrate under resonance conditions.

The interaction of nanoparticles with dielectric sub-
strates can be considered using a quasi-static approxima-
tion if the nanoparticle size is significantly smaller than
the radiation wavelength [23]. In the case of a metallic
substrate, numerical approaches need to be used since
surface plasmon polaritons will be generated and propa-
gate along the substrate surface. These methods have
shown good correlation with the experimental results
and numerical approaches [24]. However, there are few
studies in the literature on the influence of the substrate
material on the plasmonic characteristics of nanoparti-
cles.

Understanding the plasmonic coupling between
nanoparticles and their substrate is fundamental for
designing and optimizing optoelectronic structures. In
this paper we present the results of theoretical studies of
the effect of the substrate material on the extinction
cross section spectra of silver nanoparticles under sur-
face plasmon resonance conditions as a function of
nanoparticle size and distance from the surface, with
the aim of applying them to SERS. The calculations have
been carried out by means of the image dipole approach
within the quasi-static approximation.

1. MATHEMATICAL MODEL

The quasi-static dipole approximation is reasonable
for spherical or ellipsoidal particles with dimensions
much smaller than the incident wavelength. At
the boundary where the nanoparticle size is much
smaller than the incident wavelength, it is exposed to
a mostly homogeneous field throughout the occupied
space. Thus, the interaction of light with a nanoparticle
can be described in terms of electrostatics. This approach
is known as quasi-static approximation [20]. In this
approximation, incident homogeneous electric field E
leads to formation of electric dipole moment inside
the nanoparticle.

When an external homogeneous electric field E. is
applied perpendicularly to a nanoparticle on a substrate,
the induced charges at the interface between the sub-
strate and the environment change the resulting electric
field, which polarizes the sphere. This total electric field
has a non-homogeneous character, which leads to an
effective multipole polarization of the sphere [25, 26].
Although higher multipole moments change the result-
ing optical response of the sphere, the sphere's dipole
moment determines the main characteristics of the opti-
cal spectra. The perpendicular component of the dipole
moment is equal:

PL= fofmaiffELa (1
where gy is the absolute dielectric constant, &, is
the dielectric constant of the environment, and a.°® is
the perpendicular component of the effective polariza-

tion tensor of the nanoparticle.

In order to determine the influence of the substrate
on the optical response of the nanoparticle, we consider
the dipole representation approach. In this model,
the dipole moment associated with the nanoparticle in-
duces electric charges on the substrate, which can be
represented by a new dipole moment, namely the image
of the dipole moment inside the substrate. It can be
assumed that this is a system of two electromagnetically
coupled spheres, the sphere and its image in the sub-
strate.

Thus, the total dipole moment of the two dipoles will
determine the effective polarizability of the system of
the two coupled spheres. Then, the effective polarizabil-
ity of the sphere over the substrate is determined as fol-
lows [25]:

eff _ V(e()—&m) 2e5(A)
= Lm‘*‘LJ_(S(l)—Sm)] (esD+em)’ )

where V is the volume of the nanoparticle, & (A) is
the dielectric constant of the substrate.

The electrical depolarization coefficient L. is equal:

_1f. 1/a\3 fes(D-em

L = 3 [1 4 (R) (ss(/l)+sm)]’ )

where d is the distance between the particle and the sub-
strate, R is the radius of the nanoparticle.

In the case when the external electric field compo-
nent Ey is applied in parallel to the substrate, the effective
polarizability of two coupled dipoles is determined by
the equation:

eff _ [ V(e)—em) 2&5(4) (4)

AT Leprne@-em] ey
where the depolarization coefficient L_|| is equal:

_ 1y _1(a)? (esD=em
L = 3 [1 8 (R) (es(A)+am)]' ®)
Dissipative radiation losses of a nanoparticle are

the result of absorption and scattering, which are studied
by their cross-sections Caps and Ceat, respectively. In
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the quasi-static approximation, Caps and Cgcat are deter-
mined by the following formulas:

Caps = kim(a$!)), (6)
k* 2
Cscat = o |aif||f| ) 7

where k is the incident wave vector modulus.

1. RESULTS AND DISCUSSION

The extinction cross-sections of spherical silver nano-
particles deposited on three different surfaces (cellulose,
indium tin oxide (ITO), and silver) were calculated using
the quasi-static dipole approximation (Fig. 1). Since this
approximation is only valid for particles much smaller
than the working wavelength [27], the size of the nano-
particles studied was used for calculations in the range
5 to 55 nm. The refractive index of cellulose was calcu-
lated using the Sellmeier dispersion formula from [28].
The dielectric constant of ITO was calculated by
the description of the experimental data from [29] with
a seventh order polynomial. The dielectric constant of sil-
ver was calculated by using the analytical relations as
given in [30]. For the initial calculations, the distance
between the nanoparticles and the substrate was
assumed to be 1 nm and the radius of the nanoparticles
was assumed to be 55 nm. Since the size of such a nano-
particle is rather large, we calculated the extinction cross
section of the nanoparticle, which is determined by
the sum of the absorption and scattering cross sections.
The environment in which the nanoparticles were placed
was assumed to be the air, which has a refractive index
of 1.028.

All calculations were performed for three cases,
including the calculation of nanoparticle extinction cross
sections without considering the substrate influence and
including the substrate influence when the external elec-
tric field component E is applied both perpendicularly
and parallel to the surface of the substrate containing
nanoparticles. Modeling results showed that the dielec-
tric constant of the nanoparticle-deposited substrate is
a key parameter that significantly affects the resulting
optical response. Without considering the influence of
the substrate, the peak of the extinction cross section is

at the wavelength of 0.337 um, and the maximum extinc-
tion value reaches 14 cm?. Taking into account
the dielectric constant of the substrate material, we
obtain a shift of the extinction peak to the long wave-
length region for both variants of the applied external
electric field EL and Ej. The higher the dielectric constant
of the substrate material, the greater the nanoparticle
extinction maximum shift. In the case where the external
electric field component E is applied perpendicular to
the nanoparticle, the shift is 9 nm for the cellulose sub-
strate, 29 nm for the ITO, and 61 nm for the silver.
The shift is 4 nm for the cellulose substrate, 13 nm for
ITO, and 33 nm for silver when the external electric field
component E is applied in parallel.For the three substrate
materials studied, the maximum value of nanoparticle
extinction cross section is larger when the external elec-
tric field component E is applied perpendicularly. In con-
clusion, using a substrate with a higher refractive index
to deposit silver nanoparticles not only shifts the extinc-
tion peak, but also significantly increases the value of
the extinction cross section.

It should be noted that changing the size of the nano-
particle has virtually no effect on the position of
the extinction peak for the three substrate materials
studied and when they are omitted (Fig. 2).

During calculations, the nanoparticle size varied from
5 to 55 nm. Only the maximum value of the absorption
cross section increased with increasing nanoparticle size.
When the nanoparticle radius increased from 30
to 55 nm, the maximum extinction cross section
increased more than 30 times for both components of
the applied external electric field in all cases of substrate
materials.

In contrast to changing the nanoparticle radius,
changing the distance between the nanoparticle and the
substrate surface does not lead to a significant increase
in the extinction cross section, but causes the plasmon
peak to shift to the long wavelength region (Fig. 3). The
distance between the nanoparticle and the substrate
surface was varied from 0.5 to 2 nm, since at larger dis-
tances the particle can be considered as unbound to the
substrate.
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Fig. 2 Extinction cross sections of nanoparticles placed on cellulose (a-c), ITO (d-f), and silver (g-i) substrates. The radius of the nanoparticles varied
from 5 to 55 nm. The distance between the nanoparticle and the substrate was 1 nm. The particles are placed in the air.
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Fig. 3 Extinction cross sections of nanoparticles placed on cellulose (a), ITO (b), and silver (c) substrates. The nanoparticle radius is 30 nm. The
distance between the nanoparticle and the surface varied from 0.5 to 2 nm. The particles are placed in the air.

In the case of the cellulose substrate, the shift of the  figures refer to the case when the external electric field
extinction spectra is insignificant, in the order of 1 nm.  component E is applied in a perpendicular direction. For
For the ITO substrate, a shift of approximately 5nm and  all substrate materials studied, when the external elec-
for the silver substrate, a shift of 10nm can be seen for tric field component E is applied in parallel, the shift is
a 1.5nm change in the distance of the nanoparticle from  much smaller. Thus, in the design and fabrication of silver
the substrate surface. It should be noted that these
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nanoparticle-based optical structures, the dielectric con-
stant of the substrate material is of key importance.

CONCLUSIONS

The extinction cross-sectional spectra of silver nano-
particles under surface plasmon resonance conditions,
depending on the nanoparticle size and the distance
between the nanoparticles and the substrate surface,
have been calculated considering the effect of the pres-
ence of the substrate on which they are deposited based
on the quasi-dipole approximation. The nanoparticle
substrates used were cellulose, ITO and silver. The results
of numerical experiments have shown that the material
(permittivity) of the substrate with deposited silver
nanoparticles is crucial for the design and fabrication of
optical structures based on them. It was found that a sig-
nificant shift of the peak of the extinction cross section,
as well as an increase of its value at the operating wave-
length, is mainly caused by surfaces with high dielectric
constant.

The calculations presented here provide insight into
the interaction between nanoparticles and the surface
on which they are deposited, and will be useful in
the prediction of optical properties and in the design of
optimized optical structures for many technological ap-
plications, including SERS.
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AHomayia—B3aemogia miXk HaHOYaCTUHKAMM MeTaiB i NigKNagKamu B ymoBax N1a3MOHHOIO pe30HaHCy Bigirpae Bupilla-
JIbHY POAb Y Pi3HUX ONTUYHMX 3aCTOCYBaHHAX. Y Uil po60Ti MM AocniaKyemo BNAMB maTepiany NiAKNAAKM Ha ONTUYHUI BiAryK
HAHOYACTMHOK cpibaa B ymoBax NOBepPXHEBOro NJ1a3MOHHOrO pe3oHaHCy. BUKOpUCTOBYIOUM TEOPETUUHE MOAENIOBAHHA HA OC-
HOBi KBa3iCTaTUYHOrO AUNONBHOIO HABAMMKEHHA, MU AOCNIAUAN, AK AieNeKTPUYHA NPOHUKHICTb NiAKNAAKM BN/IMBAE HA CNEK-
TPU Nepepisy eKCTUHKLT HAHOYACTUHOK cpibna B 3aN1€}KHOCTI Bif, pO3Mipy HaHOYACTUHOK i BiACTaHi Big, NnoBepxHi Nigknagku.
MNpoBeaeHi po3paxyHKU NOKA3ylOTb 3HAYHI 3CyBU NiKY €KCTUHKLII Ta 36iNblueHHA nepepisy eKCTUHKLiI Npyu po3rnaai pisHux
MmaTepianis NigKNapoK, 30Kpema Lentonosy, oKcua, iHAiK Ta onoBsa i cpibno. byno BuasneHo, Wo nigknaaku 3 binbwoto giene-
KTPUYHOI NMPOHUKHICTIO CMPUUYMHAIOTL 6iNbluniA 3CyB NiKy eKCTUHKLIiI B 6iK AOBLIMX AOBXWH XBW/b i NPU3BOAATb A0 36in1b-
LEHHSA 3HauyeHb Nepepisy eKCTUHKL,iT Ha pobouii f0BXMHI XBUAi. Binblue Toro, 6yno BCTaHOBNEHO, L0 OPiEHTAL,iA 30BHILUHbOTO
€/1eKTPUYHOro NosA BiAHOCHO NOBEPXHi NiAKNAAKM BMIMBAE HA BEIMUMHY LUX 3CyBiB. Pe3ynbTaTM foCnigKeHHA NOKa3syoTh,
IO X0o4a 3MiHa PO3Mipy HAHOYACTUHOK Ma€E MiHIMa/IbHUIA BN/JIMB HAa NONOXKEHHA NiKy eKCTUHKLI, 36inblueHHA po3mipy HaHoO-
YaCTUHOK 3HauYyHO 36inbluye MaKCMManbHi 3HaUEHHA nepepisy eKcTUHKLiL. Kpim Toro, 3miHa BigcTaHi mMiXk HaHOYaCTUHKaMM
i noBepxHelo NiAKNAAKM CNPUYUHAE 3CYBM B CNEKTPAX eKCTUHKLii, npuyomy 6inbli 3cyBu cnocrepiratoTbca ANA NigKNaaoK
3 6iNbLIMMM 3HAYEHHAMM AieNeKTPUYHOT NPOHUKHOCTI. LIi pe3ynbrati gatoTh LiHHY iHpOpMaLilo ANA NPOEKTYBaHHA Ta ONTU-
Mi3auii N1a3MOHHUX CTPYKTYP ANA Pi3HUX ONTOE/NIEKTPOHHUX 3aCTOCYBaHb. PO3ymiHHA B3aeEmogii HAHOYACTUHOK 3 NigKNaAKOO
Ta iX ONTUYHI BNAaCTUBOCTI AONOMarae NporHo3yBaTy ONTUYHI BIAryKK i po3po6aaTM ONTUYHI CTPYKTYPU A8 NOKPaALLEHHA Npo-
OYKTUBHOCTI iX BUKOPUCTaHHA. 3aranom, ue AoCNigKeHHA NiAKPecntoe BaXKAuBicTb BU60py maTtepiany nigKnagKku Ta B3aemogii
HAHOYACTMHOK 3 NiAKNAAKOIO B iHXEHEePHUX NIA3MOHHUX CUCTEMAX ANA NepeAoBMX ONTUYHUX 3aCTOCYBaHb, NPOKAAAaouM
WAAX A0 POo3p06KKU ePeKTUBHUX | ONTUMI3OBAHUX ONTOE/IEKTPOHHUX NPUCTPOIB i CEHCOPIB.

Knrw4oei cnoea — HaHoOYacmuHKU cpibna; nepepiz eKCMUHKYii; niOknaoKa; nokanizoearHuli nosepxHeeaull naa3mMmoHHuUll
Pe30HaHC.
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