IHOOKOMYHIKALINHI TEXHOJOTIT TA EJIEKTPOHHA IHXXEHEPIA

INFORMATION AND COMMUNICATION TECHNOLOGIES,
ELECTRONIC ENGINEERING
Ne2 (4), 2022

https://doi.org/10.23939/ictee2022.02.133

SIZE EFFECT IN PLASMON RESONANCE OF GOLD-COPPER SULFIDE
CORE-SHELL NANOPARTICLES

R. Volskyi, T. Bulavinets, I. Yaremchuk

Lviv Polytechnic National University, 12, S. Bandery Str., Lviv 79013, Ukraine
Corresponding author: T. Bulavinets (e-mail: tetiana.o.bulavinets@lpnu.ua).
(Received 17 October 2022)

This paper studies the nature of changes in extinction spectra when changing the core/shell size ratio
in spherical and ellipsoidal (prolate and oblate) gold-copper sulfide (Au-CuS) core-shell
nanoparticles. The obtained results are analyzed to establish the regularity of changes in the
nanoshells extinction spectra, which can be used to develop devices based on them for different
applications. The plasmon properties of spherical and ellipsoidal Au -CuS nanoparticles with
different sizes were determined. It is established that the intensity of the extinction cross-section of
spherical nanoshells strongly depends on the ratio between the thickness of the core and the shell. It
is possible to configure the plasmon properties of oblate and prolate ellipsoidal core-shell
nanoparticles by changing the core and shell thickness in both directions. Thus, the results of the
study suggest that Au-CuS nanoparticles can be used as potential elements of various sensitive
sensors.
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1. Introduction

Modern trends in the development of materials and technologies demonstrate the relevance of creat-
ing objects whose dimensions are commensurate with the length of the electron’s free path. Plasmonic
nanoobjects are crucial for determining the properties and functionality of materials and devices based on
them. Research of these nanostructures makes it possible to study and adjust the properties of materials and
interfaces at various scales, covering the scientific fields of physics, chemistry, and nanotechnology [1, 2].
The study and synthesis of plasmonic nanostructures not only satisfies the need to create materials with
unique linear and nonlinear optical properties, but also helps to find the answer to how the properties of
matter change when passing from individual atoms and molecules to organized nanostructures, and then to
the solid state.

Recently, core-shell nanoparticles exhibit new and improved electronic, optical, catalytic, or photo-
catalytic properties that are significantly different from those of monometallic nanoparticles. This is due to
the synergistic effect of the combination of properties corresponding to two separate materials. That is
why, such nanoparticles are used in various technological fields, from energy production and storage to
sensor applications. In addition, they are widely used in plasmonic solar cells or SERS applications. The
main influence here is the specific interactions between nanoshells, nanoparticles, and electromagnetic
radiation. There are a lot of examples of successful use of metal-semiconductor structures and bimetallic
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nanoparticles [3]. However, recently there have been works related to enhanced properties of nanoparticles
containing metals and colloidal nanocrystals of chalcogenides and metal oxides [4]. This is because such
materials are characterized by both semiconductor and plasmonic nature. As a result, they demonstrate a
synergistic combination of the nanoscale semiconductors characteristic optoelectronic properties and the
optical response of localized surface plasmon resonance. Importantly, such nanoparticles are characterized
by enhanced plasmonic properties in the near-infrared wavelength range, making them suitable for wide
applications [5]. The properties of both localized surface plasmon resonances and extinction (absorption
and scattering) efficiency are determined by the structure and shape of the core-shell nanoparticles.

2. Theoretical Background

The principle of dipole equivalence [6] was used in the modeling of spherical nanoparticles optical
parameters since the small size of nanoparticles (relative to the visible range wavelengths) allows one to be
limited to the dipole approximation. For example, the nanoparticle extinction cross-section depends on the
electrostatic polarizability o and is determined by the formula:
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where V' — nanoparticle volume; R — nanoparticle radius; ¢ and g, - dielectric functions of the nanoparticle
material and surrounding medium, respectively; k - the wave number of the surrounding medium.
In the case of spherical nanoshells, the polarizability can be written taking into account the equiva-
lent average permittivity of a certain equivalent homogeneous sphere as follows [7]:
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One of the simple, but widely used models is the model of the shell-covered ellipsoid. Combining
the shell structure with the rod shape provides additional opportunities for controlling the plasmonic prop-
erties of such nanoparticles. This model includes ellipsoidal and spherical nanoshells as limiting cases.
Thus, the polarizability of the ellipsoidal nanoshells is determined by the following formulas:
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The dielectric constant of Au was calculated according to the analytical equations presented in [8].
The dielectric constant of copper monosulfide was calculated within the Drude theory. Detailed data for
ellipsoid calculations are given in [6]. The theoretical methods of studying the optical parameters of copper
monosulfide nanoparticles make it possible to assess the influence of geometrical parameters on their opti-
cal response and effectively tune the resonance of surface plasmons, shifting it to the working range of the

spectrum.
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3. Results and Discussions

Changing the spatial configuration, namely the size, shape, and core-to-shell ratio of bilayer nano-
particles, has a strong effect on the nanoshells plasmonic properties.

Modeling of the spherical Au and CuS nanoparticles extinction spectra of varied sizes was carried
out. It allows further comparison of the plasmon response behavior of nanoparticles with nanoshells of
varied sizes and shapes. The calculated extinction spectra of spherical gold nanoparticles with variable
diameters from 10 to 100 nm are presented in Fig. 1. As can be seen from the figure, as the diameter of the
nanoparticle increases, the amplitude of the plasmon peak increases. In addition, an increase in the gold
nanoparticle diameter leads to a slight shift of the extinction peak to the region of longer wavelengths from
506 to 530 nm.
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Fig. 1. Extinction spectra of spherical Au nanoparticles with diameters
from 10 to 100 nm located in the surrounding medium with a refractive index of 1.0

The extinction spectra of spherical copper monosulfide nanoparticles with variable diameters from
10 to 100 nm, similar to gold nanoparticles are presented in Fig. 2. Extinction peak increases in amplitude
and shifts to the region of the longer wavelengths with an increase in the CuS nanoparticles diameter, as
for Au nanoparticles. In this case, the peak of interest to us in the near-IR region shifts from 930 to 950 nm
when the diameter of CuS nanoparticles increases.
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Fig. 2. Extinction spectra of copper monosulfide spherical nanoparticles
with variable diameters from 10 to 100 nm located in a medium with a refractive index of 1.0
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It is known that gold nanoparticles are widely used in various fields of science and industry due to
their unique optical, biological, electrical, and thermal properties and high electrical conductivity. In recent
years, many applications of copper monosulfide nanoparticles in photocatalysis, optoelectronics, sensors,
and biomedicine have been demonstrated. The combination of the plasmonic metal core (gold nanoparti-
cles) and semiconductor shell (copper monosulfide) can provide a significant enhancement of the optical
characteristics of such nanostructures. Therefore, the next step in the work the extinction of Au/CuS spher-
ical nanoshells at different core and shell sizes was calculated, and the obtained results were analyzed.

The extinction cross sections of Au/CuS spherical nanoshells were calculated at the constant
nanoshell size of 100 nm (Fig. 3). The core diameter varied from 1 to 99 nm in steps of 10 nm. Au/CuS
nanoshells have characteristics similar to copper monosulfide nanospheres at the constant diameter of the
shell of 100 nm and small values of the core diameter up to 40 nm. This is manifested in the position of the
extinction peak (at 930 nm) and the shape of the spectrum curve.
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Fig. 3. Extinction spectra of spherical Au/CuS nanoshells with a constant
diameter d2 = 100 nm located in a medium with a refractive index of 1.0.
The core diameter d1 varies from I to 99 nm

The extinction peak shifts to the short-wavelength region and increases in amplitude when the diam-
eter of the core increases and, accordingly, the thickness of the shell decreases. Moreover, peak splitting is
observed. The additional extinction shoulder appears at the wavelength of 525 nm, which is characteristic
of core/shell nanoparticles. The plasmon peak at the wavelength of 750 nm appeared when the core diame-
ter is 99 nm and the CusS shell thickness is 1 nm. The extinction peak at the wavelength of 530 nm which is
characteristic of gold nanoparticles (see Fig. 1) is weak.

The spherical Au/CuS nanoshell extinction spectra at the constant core diameter d; = 10 nm and the
different shell diameters are presented in Fig. 4.

There is a significant shift of the extinction peak from a wavelength of 760 nm (1 nm shell thick-
ness) to 905 nm (10 nm shell thickness) at the small shell thicknesses. The amplitude of the extinction
peaks increases when the shell thickness increases up to 100 nm at the constant core diameter. There is a
shift on the spectral scale to the wavelength of 930 nm. At the same time, the properties of the core materi-
al (Au) cease to manifest, and the optical response of the Au/CuS nanoshell behaves like a spherical CuS
nanoparticle with a large thickness of the CuS shell.

Shape control in the manufacture of nanostructures is an extremely important task. The nanoshell
shape is a parameter that critically affects the optical response. It allows tuning characteristics of
nanostructures by adjusting the plasmon peak in the given spectrum region. It is difficult to produce per-
fectly spherical nanostructures. Therefore, understanding how the nanosphere spatial deformations affect
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its optical response will help analyze the obtained experimental results and optimize the technological pro-
cesses of synthesis. Therefore, the next step of the work is the modeling of the extinction spectra of
Au/CuS nanoshells deformed along the vertical and horizontal axes. In this case, we operate not only with
diameter values (as in spherical nanoparticles) but with the lengths of the vertical and horizontal axes of
the nanoellipsoid. In addition, the change of a larger number of spatial parameters provides a wider space
for tuning the extinction peaks position and amplitude of the nanoparticles. The extinction spectra of verti-
cally placed ellipsoidal Au/CuS nanoshells with fixed lengths of major axes @, = 50 nm; b, = 100 nm are
presented in Fig. 5. The lengths of the minor axes a; and b; vary in the range from 1 to 49 nm and from 2
to 99 nm, respectively.
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Fig. 4. Extinction spectra of spherical Au/CuS nanoshells with the constant core
diameter d1 = 10 nm located in a medium with a refractive index of 1.0.
The shell diameter d2 varies from 11 to 100 nm
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Fig. 5. Extinction spectra of vertically placed ellipsoidal Au/CuS nanoshells
with fixed axis lengths a, = 50 nm,; b, = 100 nm located in a medium with a refractive index of 1.0.
The lengths of the a; and b; axes vary from 1 to 49 nm and from 2 to 99 nm respectively

The extinction spectra of Au/CusS ellipsoidal nanoparticles take on the shape of the curve character-
istic of CuS nanospheres at large shell thicknesses as in the case of spherical nanoshells. The extinction
peaks near 600 nm decrease when the length of the core axes increases. The amplitude of the peaks in the
near-UV range increases. The results of modeling with the increase in the shell thickness, namely, the in-
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creased lengths of the axes @, and b, from 6 to 50 nm and from 12 to 100 nm, respectively at the constant
core size (a;= 5 nm; b; = 10 nm) are presented in Fig. 6. Decreasing the shell thickness to a minimum val-
ue (a;= 6 nm; b,= 12 nm) at the constant core size (¢; =5 nm; b; = 10 nm) results in a significant enhance-
ment of the extinction peak at the wavelength of 230 nm. The extinction peaks shift to the long-wavelength
region when the shell thickness of the vertically placed Au/CuS nanoellipsoid increases. Therefore, the
extinction peaks in the near-UV range disappear when the shell thickness increases since the key role in the

nanostructure begin to be played by the CuS material.

Fig. 6. Extinction spectra of vertically placed ellipsoidal Au/CuS nanoshells
with fixed axis lengths a; = 5 nm; b; = 10 nm located in a medium with a refractive index of 1.0.
The lengths of the a, and b, axes vary from 6 to 50 nm and from 12 to 100 nm respectively

Similar calculations were performed for Au/CuS nanoshells deformed along the horizontal axis
(Fig. 7). The lengths of the axes a; and b; (core size) vary from 2 to 99 nm and from 1 to 49 nm,
respectively. The total size of the horizontal nanoellipsoid remains constant with the lengths of the axes a,

=100 nm, and b,= 50 nm.

Fig. 7. Extinction spectra of horizontally placed ellipsoidal Au/CuS nanoshells
with constant axis lengths a; = 100 nm; b, = 50 nm located in a medium with a refractive index of 1.0.
The lengths of the a; and b; axes vary from 2 to 99 nm and from 1 to 49 nm respectively
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The calculated extinction spectra of horizontal Au/CuS nanoellipsoids (Fig. 7) demonstrate behavior
similar to vertical nanoellipsoids (Fig. 6). There the increase in the length of the core axes leads to the de-
crease in the extinction peaks in the green region of the spectrum and the increase in their amplitude in the
near UV range. However, in the case of horizontal Au/CuS nanoellipsoids, the extinction peaks are placed
in the near-IR region. It opens the possibility of their biomedical application.

The extinction spectra of horizontal Au/CuS nanoellipsoids with the constant core size (¢; = 10 nm;
b; =5 nm) and a variable shell thickness, where the lengths of the a, and b, axes vary from 12 to 100 nm
and from 6 to 50 nm, respectively, are shown in Fig,. 8.
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Fig. 8. Extinction spectra of horizontally placed ellipsoidal Au/CuS nanoshells
with constant axis lengths a; = 10 nm; b; = 5 nm located in a medium with a refractive index of 1.0.
The lengths of the ay and by axes vary from 12 to 100 nm and from 6 to 50 nm respectively

Decrease of the horizontal nanoellipsoids shell thickness to the minimum value (a;= 12 nm; b, =6
nm) at the constant core size (a; =5 nm; b; = 10 nm) leads to the significant enhancement of the extinction
peak at the wavelength 590 nm. It corresponds to the extinction peak of gold nanoparticles. Extinction
peaks in the near-IR region of the spectrum shift to the long-wavelength region when the shell thickness
increases and their amplitude decreases.

Conclusions

Therefore, significant enhancement of plasmon peaks in the NIR region of the spectrum can be ob-
tained using horizontal Au/CuS nanoellipsoids characterized by a large thickness of the CuS shell.

Thus, spherical Au/CuS nanoshells with a core diameter of 10 nm and a shell diameter of 100 nm
are characterized by an extinction peak at a wavelength of 930 nm, and the value of the extinction cross-
section is equal to 2.25-10” cm’. Horizontal Au/CuS nanoellipsoid with axis lengths a, = 100 nmy;
b, =50 nm and a; = 10 nm; b; = 20 nm are characterized by an extinction peak at a wavelength of 950 nm,
and the value of the extinction cross-section significantly exceeds previous results and is 4-10 " cm’.
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PO3MIPHUI EGEKT Y INIASMOHOMY PE3OHAHCI
HAHOYACTHUHOK CVYJIb®I MIAI-30JI0TO TUITY
AAPO-OBOJIOHKA

P. Boanceknii, T. Bynasinens, I. fApemuyk

Hayionanvnuii ynieepcumem “Jlvsiscoxa nonimexuixa” eyn. C. banodepu, 12, Jlveie, 79013, Yrpaina

V 1iii poboTi npeacTaBIeHO OCIIUKEHHS IPUPOIH 3MiH Y CIEKTPaX eKCTUHKLIT chepruHHX Ta eJIICOiqHUX
(BUTATHYTHX 1 CIUIFOCHYTHX) HaHOOOONOHOK Au-CuS 3a 3MiHM CHIBBIZHOIIEGHHS iXHIX PO3MIpiB sApO—
obononka. IlpoBeneHo aHalli3 OTPUMAHMX pPE3YNbTATIB MOJEIIOBAHHA 3 METOI0 BCTaHOBJICHHS 3aKOHO-
MipHOCTEl 3MiHM CHEKTPIB eKCTUHKIIII HAHOOOOIOHOK, 1110 MOXe OyTH BUKOPHCTAHO 17 PO3POOKH MPHCTPOIB
pi3HOro HpH3HAa4YeHHs Ha iXHi OCHOBi. BU3HaueHO IUIA3MOHHI BIIACTHBOCTI CEPUYHMX Ta ENINCOIAHHX
HaHouacTHHOK Au-CuS pi3Horo po3mipy. BeranoBieHo, 1110 aMIntiayna nikis nepepizy eKCTUHKIIT chepuunnx
HAHOOOOJIOHOK CHJIBHO 3aJISKHTh BiJl CIIBBIJIHOLICHHS TOBIUMHM sifpa Ta o0onoHKM. Lle nae MoxiMBiCTh
HaJIAIITyBaTH [UIa3MOHHI BJIACTHBOCTI €JIINCOIAHUX HAHOYACTUHOK s1p0—000JIOHKA, 3MIHIOIOUH TOBIIMHY si/pa
Ta 000JIOHKH B 000X HampsMkax. OTxe, pe3yabTaTu JOCIHIKEHHs CBiYaTh PO MOXIMBICTh BUKOPUCTAHHS
HaHouacTHHOK Au-CuS sIK NOTEHUIHHUX €JIEMEHTIB PI3HOMAaHITHUX YYTJIMBHX CEHCOPIB.

KiouoBi cnoBa: nanoobononxu, noxanizoeanuii NO8EpxHeaul NIa3MOHHUL PE30HAHC, MOHOCYTbPIO0 MIOI.
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