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This article is devoted to the theoretical study of the plasmonic properties of periodically arranged
arrays of gold nanoparticles. The Comsol Multiphysics software, which is based on the finite
element method, was used to build 3D numerical models for the simulation and conduct research. In
this work the electric field distribution and optical characteristics of the spherical gold nanoparticles
array were studied. Individual localized surface plasmon resonance modes are influenced when
metallic nanoparticles are in the close proximity and as a result the electric near- fields can couple,
resulting in a new hybrid mode. We mainly focused here on the investigation of two crucial
questions, particularly, influences of the gap between the nanoparticles and the refractive index of
the surrounding medium on the resulting optical response of the gold nanoparticles arrays. The array
of periodically arragement gold nanoparticles is characterized by an enhanced local electric field
between the nanoparticles, which is inversely proportional to the gap between the particles. The
field strength and optical properties (reflection, transmission, and absorption) can be conveniently
manipulated by changing the gap between particles. In additional, their potential applications as
sensetive plasmonic sensors element have been considered. The studied structure has a significant
potential for practical applications due to its wide range of the operating wavelengths and ease of
the high-throughput fabrication. In the course of the study, it was established that the change in the
distance between the surface of nanoparticles by 1 nm leads to a significant shift in the spectral
transmission and reflection curves on the spectral range. In addition, these studies showed that an
increase in the distance between the surfaces of nanoparticles leads to the decrease in the near-field
interaction between gold nanoparticles in the array. Therefore, the obtained results can be
successfully used in the manufacture of highly sensitive plasmon sensors with the possibility of
controlling the sensitivity and the working spectral range.
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1. Introduction

Nowadays, noble nanoparticles demonstrate extraordinary size-dependent physical and chemical
properties due to their localized surface plasmon nature and phenomenal light manipulating possibilities
[1]. The conduction band electrons collective oscillations occur under light irradiation of the metallic
nanoparticles and as a result the sufficiently enhancement of the nanoscale light-matter interactions and
near-field optical intensities can be achieved [2]. Recently, studies of nanoparticles arrays with different
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geometries have exhibited that diffractive light coupling of particles plays a significant role in forming
their near and far-field properties by enhancing the coupling efficiency to localized surface plasmon
resonances [3]. The periodic arrangement of plasmonic nanoparticles influences their interaction with
electromagnetic waves and is an effective approach to tune their optical properties and give rice new
phenomena [4]. Array of metallic plasmonic nanoparticles is showed to be the most powerful platform to
implement light—matter interactions through the control of the morphology and engineering parameter [5].
Conduction electrons in metal nanoparticles oscillate when localized surface plasmons are excited by
illumination with electromagnetic radiation. The oscillation, known as surface plasmon resonance, results
in extremely strong light scattering and absorption, accompanied by a significantly enhanced near field due
to the high localization of light energy in nanoscale [6]. Localized surface plasmon resonance is
significantly influenced by the size and composition of the nanoparticle, as well as the dielectric constant
of the surrounding medium [7]. Individual localized surface plasmon resonance modes are influenced
when metal nanoparticles are in close proximity and as result the electric near fields can couple, resulting
in a new hybrid mode.

Plasmonic nanoparticle periodic or dimer structures leads to new surface plasmon resonances and
creation of the strong electric field in the gap between them which called “hot-pots” [8]. The “hot-spot” in
the gap of the plasmonic structures increase the coupled resonances and found wide usage in three
application fields of plasmonic, namely, the sensing, solar energy conversion, and photodetection [9]. It
should be noted that high sensitivity is realized only when specifies are located near the enhanced field, in
another wors in the “hot-spot” region. This region can be principally defined by the nanostructure’s
geometry and permittivity [10]. The highly localized and enhanced field caused by surface plasmon
resonances is observable in many sensing applications [11, 12]. The spectral shift of the transmittance or
reflectance spectrum of optical sensors increases significantly when the tested analytes are in an enhanced
electromagnetic field [13].

Researchers have recently become interested in sensors based on gold nanoparticles since they can
proffer magnificent features. Gold nanoparticles are the most stable metal nanoparticles characterized by
unique basic physical properties [14]. Small size Au nanoparticles have a large extinction cross-section and
as a result the capability to enhance the near electromagnetic field.

In this paper, the optical characteristics of the gold nanoparticles array were studied. We mainly
focused on the investigation of two crucial questions, namely, influences of the gap between the
nanoparticle surfaces and the refractive index of the surrounding medium on the resulting optical response
of the gold nanoparticles arrays. In additional, their potential applications have been considered.

2. Results and Discussions

The unit cell of the studied array of periodically arrangement gold nanoparticles is shown in Fig. 1.
Under initial conditions, normal incidence of the beam on the structure under study is assumed. The
operating wavelength is 650 nm, the refractive index of the surrounding medium is 1.33, the radius of the
nanoparticles is 10 nm, and the distance between nanoparticles in all directions is 1 nm. Refractive index of
gold nanoparticles used from reference [15].

Au & Au

Fig.1. Schematic of a gold dimer consisting of two spherical particles separated by gap d between the surfaces in the
surrounding medium &.
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The local electric field occurs in the gap between the particles under the influence of external
excitation in an array of metal nanoparticles. The finite element method was used to calculate the electric
field distribution, as well as the optical characteristics of the periodic structure under study. Nowadays, this
method has become one of the most commonly used for solving issues that are described by partial
differential equations or can be formulated as functional minimization. The region of interest is represented
as a set of finite parts. Approximation functions in finite elements are determined through the nodal values
of the desired physical field. The continuous physics problem is transformed into a discretized finite
element problem with unknown nodal values. it is necessary to solve a system of linear algebraic equations
for a linear problem. The values inside the leaf elements can be recovered using the node values [14].

Compared to an individual nanoparticle, the resonance wavelength of a nanoparticle in the gap mode
exhibits a red shift because the presence of an adjacent metal nanoparticle weakens the restoring force
acting on the electrons of the structure. In addition, the near field in the gap can be greatly enhanced due to
the high localization of light energy in a small space. This is the basis for the high sensitivity of such
elements. It should be noted that the force of interaction between metal nanoparticles increases with
decreasing distance between them. Therefore, detailed control of the distance is crucial for manipulating
the hybrid mode and therefore the sensitivity.

The electric field distribution depending on the thickness of the gap between the surfaces of
nanoparticles is shown in Fig. 2. The distance between nanoparticles varied from 1 nm to 5 nm. As
expected, the highest field enhancement between particles was observed at a distance of 1 nm, up to 1.0
10° V/m. As the gap increased, the field decreased and at a gap of 5 nm, almost separation of the near field
of each particle can be observed. Therefore, conducting studies at large gaps between particles was
impractical. It should be noted that the electric field of an individual particle is approximately 1.4 10° V/m.
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Fig.2. Distribution of the electric field of a normally incident electromagnetic wave
with Au nanoparticles array with a radius of 10 nm and a gap between the nanoparticles
surfaces of 1 nm (a), 2 nm (b), 3 nm (c), 4 nm (d), and 5 nm (e). The refractive index
of the surrounding media is 1.33. The colour bar indicates the electric field intensity
under the wavelength of 650 nm

The increase in the local electric field occurs in the gap between the particles under the influence of
external excitation in an array of metal nanoparticles. It causes a modification of the optical properties
associated with localized surface plasmon resonance. There is a shift in the plasmon peak in the ranges of
reflection, transmission and absorption coefficients (Fig. 3). When the distance between nanoparticles
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increases from 1 to 5 nm, the plasmon peak shifts from 675 nm to 560 nm (Fig. 3a, c). As for the
distribution of the electric field, it should be noted that an increase in the distance from the initial distance,
even 1 nm, leads to a decrease in the intensity of the electric field by almost half from 1-10° V/m to 5.7-10°
V/m. Although decreasing the gap between nanoparticles leads to an increase in the electromagnetic field
(Fig. 3d). The absorption of an array of periodically placed nanoparticles decreases (Fig. 3b). It should be
noted that at the gap of 1 nm there is practically no absorption peak observed for the structure under study.

Plasmonic nanostructures are widely used for detecting the refractive index due to their high
sensitivity to changes in environmental parameters. Therefore, the distribution of the electric field at the
operating wavelength (Fig. 4) and the dependence of the reflection, transmittance, absorption and
normalized electric field on the wavelength were calculated for array gold nanoparticles for three different
refractive indices of the environment (Fig. 5). The optimal gap between particles was 1 nm.

The electric field distribution at the operating wavelength for all three cases is in the vicinity of 10°
V/m. Although the maximum electric field of about 2:10° V/m at the working length is characteristic only
of the structure under study located in the air. The thicker the medium, the lower the normalized electric
field will be depending on the wavelength (Fig. 5d). At the same time, the position of the plasmon peak,
when the refractive index of the environment changes from 1.00 to 1.43, shifts to the longer wavelength
region from 580 nm to 700 nm (Fig. 5a, ¢). In the absorption spectrum, a plasmon peak is clearly visible
only for the structure located in the air.

Thus, the above structure of periodically arrangement gold nanoparticles can be a sensitive element
of a plasmonic sensor, allowing one to detect the dependence of the wavelength of the resonance peak on
the values of the refractive index of the surrounding medium when the change is large enough. However,
such nanostructured metal plasmonic arrays can be used as ultra-highly sensitive sensors, since they
provide the ability to excite ultranarrow plasmonic modes and, accordingly, detect extremely weak
changes.

0,9

a =—d=1nm

0,84 -{'\.,...‘ - d=2nm
0.74 . % +—d=3nmm
’ = d=1nm o ! +—d=4nm

8 06 ¢ d=2nm v d=5nm

2 o .

8 Q9

3 £03 Bk

=] g o

& g !

2

o
o

+ d=3nm .'. N .'..
054 « d=4nm o
v d=5nm e
0.4+ }‘-“. “. g
S % AN
0.3 AR T
LT e
0.2 s
; 0.1
o, . i
y N A e,
0.0 0,0 .

700 800 900 1000

,0 T T T T T T 1 T T
300 400 500 600 700 800 900 1000 300 400 500 600
Wavelength, nm Wavelength, nm
1,0
0,9 ¢ 1x10% d
081 7 | ——d=1nmm
§ 0,74 v'v.o' gs”o' ——d=2nm
g 'v':‘ £ ?_ ——d=3nm
g 067 7.8 & o g | ——d=4nmm
z 1S I S 6x10%
= 4 T £ & Z ——d=5nm s
s 05 b K
£ R orsl ]
= VR g )
= 044 e L4 8 & = 2
3 [YRER T g 5 4x10°
PP d=1nm & &/ ; E
? »—d=2nm {orr4 ; 5 4
b1 ST g ) e
02+ d=3mm Sy o 2x10% ‘1"!.'
—<+—d=4nm o A% 3 iad

0,1 _ R i
> v—d=5nm ey m

0,0 T T T t T T T T
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
Wavelength, nm Wavelength, nm

Fig.3. The total Reflectance (a), Absorptance (b), Transmittance (c)
and Electric field distribution (d) spectra of Au nanoparticles array
with a radius of 10 nm and a gap between the surface of the particles from 1
to 5 nm in a surrounding media with a refractive index of 1.33
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Conclusion

In the summary, first of all we can state that numerical modeling is necessary within the limits of
many specific assumptions in the process of designing and manufacturing sensor elements, which are
complex and labor-intensive. The simulation results demonstrated that an array of periodically arrangement
gold nanoparticles is characterized by an enhanced local electric field between the nanoparticles, which is
inversely proportional to the gap between the particles. The field strength and optical properties (reflection,
transmission, and absorption) can be conveniently manipulated by changing the gap between particles.

The work shows that an array of gold nanoparticles can be used as a sensitive element of a
plasmonic sensor. The structure under study has great potential for practical applications due to its wide
range of operating wavelengths and ease of high-throughput fabrication. Plasmonic nanosensing devices
will be an important building block for both nanomaterials science and advanced industrial process
monitoring in the future.

Vim Vim Vim
x10° x10° x10°

HNWaOOSN®O
F N W s U0 No®
N W B o0 oo N

a b c
Fig.4. Distribution of the electric field of a normally incident electromagnetic
wave with Au nanoparticles array with a radius of 10 nm and a gap between the nanoparticles surfaces
of 1 nm in the surrounding media with refractive index of 1.00 (a), 1.33 (b) and 1.43 (c).
The colour bar indicates the electric field intensity under the wavelength of 650 nm

0,9 0,5

&
C

0,4

k=3
%

s o
h N
1
Absorptance
e
&
1

o
rS
o
o
N

Total Reflectance

0,1

"300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
Wavelength, nm Wavelength, nm

1x10°4

8x10°4

=3
n

6x10°4

Total Transmittance
Electric Field Norm, V/m

Hal077 ——g9=1.00

——gy=133
——gy=143

0,0 T T T T T T T T T T T T
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000

Wavelength, nm Wavelength, nm

Fig. 5. The total Reflectance (a), Absorptance (b), Transmittance (c)
and Electric field distribution (d) spectra of Au nanoparticles array with a radius of 10 nm
and gap between the nanoparticles surfaces of 1 nm in the surrounding media
with variable refractive index
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MACHB IIVIASMOHHHUX ITEPIOANYHO POSMIIHIEHUX 30/ 10TUX
HAHOYACTHUHOK JJ151 CEHCOPHOT O 3ACTOCYBAHHA

B. Poxis, B. AkonsiH, T. Byaasinens, I. i pemuyk

Hayionanvnuii ynieepcumem «Jlvsiscoka nonimexuixay, eyn. C. banoepu, 12, Jlveis, 79013, Vkpaina

Il crarTs npucBsSYeHa TEOPETUYHOMY JOCIHI/UKCHHIO IUIA3MOHHHX BJIACTHBOCTEH IEPiOJMYHO pO3-
TaIIOBaHUX MacHBiB HAHOUACTHHOK 30i10Ta. [Iporpamue 3a6e3nedenns Comsol Multiphysics, sike 6a3yeTbest
Ha METOII CKiHYEHHHX eJIeMEeHTIB, OyJ0 BHKOPHCTaHO Uil MOOYymoBHM uucioBux 3D Monenedd mis
MOJICIIIOBAaHHS Ta IPOBEAEHHS JOCHIPKEHb. Y PoOOTI NOCHIIKEHO PO3MOMIiJ EJISKTPUYHOro MO Ta
OITHYHI XapaKTEPUCTHKH MacHUBY C(hepHUHMX HAHOUACTHHOK 30J10TA. IHAMBIIyanbHi JIOKaTi30BaHI MOIM
MOBEPXHEBOr0 IIA3MOHHOI'O PE30HAHCY 3a3HAIOTh BILIMBY, KOJIM METalleBi HAHOYACTUHKU 3HAXOMAATHCS B
Ge3nocepeHiil ONM3BKOCTI, TOX €IEKTPUYHI OJMKHI 10N MOXKYTH 3 €JHYBaTUCS, CTBOPIOIOYM HOBHMH
ribpugHuii pexxnM. Mu 30cepevncs 31e0UTbIIOro Ha JOCTIKEHHI J[BOX KIIOYOBHX IUTaHb, a CaMe:
BIUIMBY BiJICTaHI MDK IHOBEPXHSAMH HAaHOYAaCTHHOK Ta BIUIMBY IOKAa3HMKA 3aJIOMJIEHHS HaBKOJMIIHBOIO
CepeloBHUIA Ha KIHLEBUH ONTHUYHMH BIATYK MAacHUBIB HAHOYACTHHOK 30JI0Ta. MacuB IepiouiHO
PO3TAIIOBAHMX HAHOYACTHHOK 30JI0TA XapAKTEPU3YEThCS i JCUICHUM JIOKAJIbHUM EJICKTPHYHUM I10JIEM MiX
HAHOYACTHHKAMH, sIKe 0OCpPHEHO MPOIOpLiiiHe BiICTaHI MiX IOBEPXHAMM 4acTUHOK. HamnpyxkeHicTio mosns
Ta ONTHYHUMH BJIACTHBOCTSIMH (BiIIOMBaHHAM, IPOIYCKaHHAM 1 MOIVIMHAHHIM) MOJKHA 3pYYHO KepyBaTH,
3MIHIOIOUM BiJICTaHb MiX 4acTMHKaMH. KpiM TOro, posriiiHyro iXHe NOTEHLIHHE 3aCTOCYBaHHs Y poIli
YYTJIMBOIO CEHCOPHOro eJeMeHTa. JoCii/pKeHa CTPYKTypa Mae€ 3HauyHMH NOTEHLia)l Ul IPAKTUYHOro
3aCTOCYBaHHsI 3aBJSKH IIMPOKOMY [iana3oHy poOOYMX JOBXKHH XBHJIb 1 HPOCTOTI BHCOKONPOIYKTUBHOI'O
BUTOTOBJIEHHA. [liZi 4ac mpoBeieHHs NOCHTIDKEHHS BCTAHOBJIEHO, IIO 3MiHA BIJCTaHI MK ITOBEPXHEIO
HAHOYACTMHOK Ha | HM IPHU3BOIAMTH JI0 BaroMOro 3MIIIEHHsS CHEKTPaJbHUX KPHBUX IPOIYCKaHHSA Ta
PO3CISIHHS Ha CHeKTpaybHid mKkami. KpiM 1poro, pesynbTaTd IOCHIIKEHHS ITOKa3ald, IO 30UIbIICHHS
BiZICTaHI MiX IOBEPXHAMU HAHOYACTHMHOK MPHU3BOAUTH 10 3HAYHOIO 3HIDKEHHS OJIMKHBOIIOIBOBOI
B3aeMOJI1 MK HaHOYACTHMHKaMHM 305i0Ta B MacuBi. OTKe, OTpHMaHi pe3yabTaTH MOXYTh OyTH YCIIITHO
BUKOPHUCTaHI IIPU BHUI'OTOBJICHHI BHCKOUYYTJMBHX IUIA3MOHHHMX CEHCOPIB 13 MOXJIMBICTIO KOHTPOJIIO
YyTJIMBOCTI Ta pOOOYOro CIEKTPaJIbHOTO Aiala3oHy.
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