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In this work, we have investigated the hybridization of plasmon

resonance modes in completely copper (Cu)-based subwavelength

nanoparticle clusters from simple symmetric dimers to complex

asymmetric self-assembled structures. The quality of apparent

bonding and antibonding plasmon resonance modes for all of the

clusters has been studied, and we examined the spectral response

of each one of the proposed configurations numerically using the

finite-difference time domain (FDTD) method. The effect of the

geometric sizes of nanoparticles used and substrate refractive

index on the cross-sectional profiles of each of the studied

structures has been calculated and drawn. We proved that Fano-

like resonance can be formed in Cu-based heptamer clusters as in

analogous noble metallic particles (e.g., Au and Ag) by determining

the coupling strength and interference between sub-radiant and

super-radiant resonance modes. Employing certain Cu nanodiscs

in designing an octamer structure, we measured the quality of the

Fano dip formation along the scattering diagram. Accurate tuning

of the geometric sizes for the Cu-based octamer yields an

opportunity to observe isotropic, deep, and narrow Fano minima

along the scattering profile that are in comparable condition with

the response of other plasmonic metallic substances. Immersing

investigated final Cu-based octamer in various liquids with different

refractive indices, we determined the sensing accuracy of the

cluster based on the performance of the Fano dip. Plotting a linear

diagram of plasmon energy differences over the refractive index

variations as a figure of merit (FoM), which we have quantified as

13.25. With this method, the precision of the completely Cu-based

octamer is verified numerically using the FDTD tool. This study

paves the way toward the use of Cu as an efficient, low-cost, and

complementary metal-oxide semiconductor (CMOS)-compatible

plasmonic material with optical properties that are similar to

analogous plasmonic substances.

Index Headings: Plasmon resonance hybridization; Copper nano-

disc clusters; Fano resonances; Figure of merit; FoM.

INTRODUCTION

Surface plasmon resonances (SPRs) in noble metallic

subwavelength structures have been considered a major

and fundamental concept in designing various nano-

photonic devices that are functioning at optical frequen-

cies.1–5 Subwavelength particles and components in

various shapes and with numerous substances have

been employed in designing plasmonics structures.1–6

Nanosphere, rod, ring, shell, cube, star-like, and

pyramids with Au, Ag, Al, and Cu are the most common

structures that have a wide range of uses in fabricating

couplers, splitters, routers, sensors, photovoltaics, and

demultiplexers.7–11 The size and orientation of these

nanoparticles are the other important features that play

key roles during operating as subwavelength photonic

devices. The robust interaction of an incident light with

mentioned nanoparticles directly causes coherent oscil-

lations of free electrons at their conduction bands, and

this regime leads to localization of SPRs (LSPR) at a

certain optical frequency.1,2 Constructive coupling of

excited dipolar, quadrupolar, and higher order poles to

the nearest nanoparticle can be used in designing

plasmonic waveguides that are able to transport the

optical energy below the diffraction limit from the visible

to the near infrared region (NIR).7,12 The size of interpar-

ticle distance is a highly crucial factor in the coupling

quality of excited plasmon resonance modes. It is well

accepted that a reduction in the distance space between

neighboring particles leads to hybridization of plasmon

resonancemodes, which can be characterized by plasmon

hybridization theory.13,14 Therefore, closely spaced nano-

particles that are situated a few nanometers’ distance from

each other can form various shapes of self-assembled

nanoclusters from simple to highly complex aggregates.

For instance, dimer, trimer, quadrumer, heptamer, hexa-

mer, oligomer, octamer, and decamer are some of the

famous orientations of nanoparticles that can be tailored in

two- or three-dimensional aggregations.15–20 On the other

hand, strong plasmon resonance coupling between prox-

imal nanoparticles causes the appearance of bonding

bright and antibonding dark modes at the scattering

efficiency profile. In this regime, a conduction channel

can be apparent between adjacent nanoparticles, and, as a

result, new transverse and longitudinal plasmon reso-

nance modes with a certain charge density distribution

become apparent. For the bonding modes, the charge

density oscillation is in the samedirection in contrast to the

charge density oscillation of the anti-bonding resonance

modes, which causes destructive interference of the

plasmon resonance modes. This constructive interference

leads to generation of Fano resonances (FRs) along the

spectral profile of the nanocluster.21,22 The quality and

strength of plasmon and Fano resonances can be

controlled and enhanced with modifications in the overall

shape of the cluster, the size and shape of nanoparticles,

the size of gap distance between proximal particles, and
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the refractive index of the substance as a surrounding

medium.22,23 Au and Ag have been employed broadly as

major substances in designing numerous nanoclusters

that have specificworking regions and associated inherent

limitations. Recently, aluminum has been used as a

plasmonic material to design structures that are able to

function at the ultraviolet (UV) and visible spectra due to its

natural abundance and low-cost properties.24 In searching

for new substances that are able to support strong plasmon

resonances, copper (Cu) has extensively been used to

design simple plasmonic waveguides as routers or

switches in nanoscale dimensions and has never been

considered for strong plasmon resonance coupling.25,26

The attractive characteristics of the Cu include its natural

abundance; 100% recyclability; a very low oxidation rate

during exposure to oxygen; is complementary metal-oxide

semiconductor (CMOS)-compatible; and its low-cost fabri-

cation. These properties allow for the design of several

plasmonic nanostructures that can be employed for

numerous purposes from sensing to waveguiding.

In this study, we investigate the behavior of simple and

complex nanoparticle clusters composed of Palik Cu27

nanodiscs using provided theoretical method in plasmon

hybridization model. To evaluate the behavior of the Cu

nanodiscs, we examined the optical response of an

individual Cu particle, then we determined the effect of

geometric sizes and presence of dielectric substrate on

the scattering efficiency. Next, we employ the studied

particle in designing simple and symmetric dimer struc-

ture to characterize the hybridization theory by drawing

bonding and antibonding energy levels based on deter-

mined scattering profile. Extending the number of Cu

particles, we investigated the plasmon resonance coupling

in symmetric heptamer, and the possibility of Fano-like dip

formation has been studied numerically. Designing an

octamer based on Cu nanodiscs and tuning the spectral

response based on the geometric dimensions, we ob-

served pronounced Fano minima with remarkable depth

and narrowness. The final Cu-based octamer has a strong

potential to be used for sensing the refractive index

perturbations of the environmental condition. Narrow and

deep Fano resonance helps us to design a low-cost and

precise LSPR sensor that is comparable with analogous

Au- and Ag-based clusters. Finite-difference time domain

(FDTD) has been used as a numerical tool to investigate

the plasmon resonance coupling and spectral response of

the structure accurately.

THE PLASMON RESPONSE OF AN ISOLATED
COPPER NANODISC

Here, we try to define the spectral and plasmon

response of a pure Palik Cu nanodisc with adjustable

geometric sizes in two different regimes numerically.

Considering the generalized Drude model performance

for the proposed pure Cu nanoparticle, the permittivity of

the employed substance can be written as follows:

e0ðxÞ þ ie 00ðxÞ ¼ eCuðxÞ ¼ einterband �
x2

p

xðxþ iCÞ ð1Þ

where C is the damping constant, xp is the bulk plasma

frequency, and einterband is the contribution due to the

interband transitions. It should be noted that the value of

the einterband strongly depends on the operating wave-

length, and C is determined by considering the structural

sizes of the nanostructure. Herein, for a 63Cu (63 is the

isotope number) nanodisc with a radius of R = 50 nm and

the height of h = 35 nm, and considering the calculated

method mentioned for the Drude parameters by Hövel et

al.,28 we determined the following values for the

employed Drude theory: einterband = 6.56, xp = 8.67 eV,

and C = 0.068 eV. Moreover, the frequency of onset for

interband transitions (xinterband) has been determined as

1.99 eV. Figures 1a and 1b (the real and imaginary parts

of the permittivity, respectively) demonstrate the mate-

rial data regarding the permittivity of the Palik Cu

particle and the employed FDTD model over the

wavelength variations from the visible to the NIR

spectrum. If we consider the imaginary part of the

permittivity, the ratio of absorption of optical power from

the k � 1500 nm is increasing dramatically, which

reflects dramatic results on the extinction diagram at

longer wavelengths k . 1500 nm. Therefore, the peak of

dipole resonance must be controlled at the effective

wavelength region based on the exact structural modi-

fications, which will be discussed further.

FIG. 1. The real (a) and imaginary (b) parts of the permittivity of a pure

Palik Cu nanoparticle over the wavelength variations from the visible to

the NIR spectra.
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To continue, we examined the plasmon response of

the considered nanoparticle by calculating the corre-

sponding scattering cross-sectional profile. Figure 2a

exhibits the scattering efficiency profile for an isolated

Cu nanodisc based on the following instructions: the

radius (R) of the particle is increasing, the height of the

particle is fixed to h = 30 nm, and the background

refractive index of the simulation steps is n = 1. It is

obvious that by increasing the radius of the particle, the

peak of dipole resonance red shifts to the longer

wavelengths, while the intensity of the scattering

efficiency is decreasing. The dipolar extremes for all

of the examined radii are apparent in the range of NIR

(k � 1300 nm 6 100 nm). It should be noted that the

quadrupolar peak is extremely weak; however, in-

creasing the size of the nanoparticle causes dramatic

increments in the intensity of multipolar peaks. To

continue, we deposited the Cu particle on a SiO2

substrate as a host material with a refractive index of

n = 1.466. Figure 2b illustrates the scattering spectral

diagram for this condition, while the radius of the

nanoparticle is increasing and the height is fixed to

h = 30 nm. Note in the numerically calculated diagram

that the presence of the substrate layer leads to the

appearance of a noticeable quadrupolar peak (quad-

rupolar shoulders becomes stronger) more than the

dipolar one. In addition, by increasing the size of the

nanoparticle, the scattering efficiency has been de-

creased and the corresponding extremes red-shifted to

the longer wavelengths (k � 1370 nm 6 65 nm). The

effect of variations in the height of the Cu nanoparticle

is interesting. Accordingly, by increasing the height

(h = 25–45 nm) of the Cu nanodisc while the radius is

constant (R = 50 nm) and the substrate of the particle is

SiO2, dramatic red-shifts in the dipolar peaks have

been reported, and as a result, a considerable

robustness in the quadrupolar shoulders at the short

wavelengths has been observed (see Fig. 2c). More-

over, the intensity of the scattering efficiency has been

decreased using these controlled modifications as in

previous investigations. Figure 2d exhibits the spectral

response of the final Cu nanodisc based on qualified

geometric dimensions to provide a strong dipole

extreme at k � 1490 nm and a reasonable quadrupolar

peak at k � 635 nm that will be employed in designing

simple and complex Cu-based nanoclusters and asso-

ciated devices. The inset shows the two-dimensional

snapshot of the plasmon resonance excitation under

transverse electric polarization mode. Table I includes

the FDTD parameters and settings that have been used

FIG. 2. (a, b) The scattering cross-sectional profiles for an isolated Cu nanodisc, while the radius (R) is increasing, the height of the particle is fixed

to h = 30 nm in the absence and presence of the SiO2 substrate, respectively, (c) the effect of variations in the height of the Cu nanoparticle, while the

radius is fixed to R = 50 nm in the presence of the SiO2 layer, (d) the spectral response of the final Cu nanodisc based on moderated geometric

dimensions. We observed a strong dipole extreme at k � 1490 nm and a quadrupolar peak at k � 635 nm.
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in this set of numerical simulations of the pure Cu

nanodisc. Using numerical simulations with the grid

size of 10 pm (0.01 nm), we would be able to calculate

and draw accurate scattering diagrams with high

sensitivity to the minor geometric and environmental

defects.

THE PLASMON RESPONSE OF ADJACENT
COPPER NANODISCS (DIMER)

Near-field coupling between Cu nanospheres that are

situated 3R away from each other has been investigated

by Maier et al.25 comprehensively to design an efficient

nanoscale device (router). It is shown that an array of Cu

spheres is able to transport the optical energy below the

diffraction limit. Approaching two identical Cu nanodiscs

to each other (adjacent regime) and illuminating this

couple of particles (dimer) with a plane wave, we are

able to extract the optical properties of the nanostructure

by considering plasmon hybridization model. From the

prior section, the size of used nanodiscs in the dimer

structure has been set to (R, h) = (60, 35) nm to provide

controllable dipolar and quadrupolar peaks with a

reasonable scattering efficiency. The studied simple

dimer configuration composed of two Cu nanodiscs

demonstrates a controllable and easily measurable

interparticle robust plasmon resonance coupling in its

polarization-dependent cross-sectional profile. Figure 3a

shows a schematic diagram of the proposed dimer and

also the charge density distribution between proximal

TABLE I. FDTD model parameter settings and descriptions for
simple structures investigation.

Parameter descriptions Settings

Spatial cell sizes (nm) 0.1

Number of cells 10 000

Number of time steps 6000

Simulation time (fs) 600

Number of snapshots 11 874

Boundary conditions (x, y, z)-axis Perfectly matched layers

(PML) with 16 layers

Background refractive index n = 1

Plane wave source amplitude 1.5854 3 10�20

Pulse length (fs) 2.6533

FIG. 3. (a) A schematic diagram of the proposed dimer and charge density distribution and transfer between proximal Cu-based disks under

excitation by the transverse electric polarization mode. Also, the two-dimensional snapshot shows the excitation of plasmon resonance modes in the

dimer couple, (b) the effect of interparticle distance variations on the spectral response of the Cu-based dimer under illumination by a transverse

polarization mode. (i–iii) Corresponding energy level diagrams for plasmon hybridization in weak and strong coupling regimes are illustrated.
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Cu-based nanodiscs under excitation using a transverse

electric polarization mode. In addition, the robustness of

the resonance coupling has been depicted in this picture

with a two-dimensional snapshot. Figure 3b illustrates

the spectral response of the proposed dimer under

illumination by a transverse polarization mode, while the

interparticle distance is a variable parameter. This

variation in the gap distance of nanoparticles is in the

range of D2d = 45 nm to 2 nm (a decreasing value), which

resembles a transmutation from the weak to the strong

coupling regime. Decreasing the gap size between

nanoparticles, we have observed a robust red-shift in

the peak of dipolar plasmon resonance (that is indicated

by dotted line), while the intensity of the scattering

efficiency becomes higher and pronounced quadrupolar

and octapolar peaks have been generated at the shorter

spectra. From the technical point of view, in the case of

nanodiscs, two revisable geometric parameters are

available that provide highly geometry-dependent plas-

mon response that can be described by hybridization

theory. It is well understood that hybridization of two

energy levels can be calculated by the square of their

plasmonic interaction energy as well as their energy

differences.13,29 As a result of changes in the coupling

strength (strong coupling), antibonding modes can be

more apparent than bonding ones. To show this

transmutation, corresponding energy levels for weak

and strong coupling regimes based on apparent ex-

tremes (E) are sketched and denoted in Fig. 3b i–iii,

which are demonstrated as inset diagrams that are

indicated and separated by interparticle gap distance

size. In these energy level schematics, only bonding

bright modes are apparent for the weak coupling

regimes due to the absence of multipolar extremes. In

contrast, by the appearance of multipolar peaks along

the scattering cross-sectional spectra, antibonding dark

modes more than bonding bright modes are generated

at the shorter wavelengths in a strong coupling regime.

Notice in Fig. 3a that there are dramatic distinct

differences between energy levels of apparent multipo-

lar extremes (l), but in spite of these differences, in the

robust coupling condition, a mixture of various multipo-

lar resonances will be performed that includes a mixture

of different energy levels. As previously mentioned, the

sizes of the geometric parameters of the nanoparticle

have significant affect on the quality of the optical

response of the proposed Cu-based dimer type struc-

ture. Hence, changing the position of the particles from

the lateral position to the vertical or upright orientation

and extracting corresponding spectral response of the

structure yields an ability to extend our studies to

measure the optical response of more complex cluster

type nanostructures. Figure 4a illustrates the schematic

diagram of the elucidated alteration in the position of

dimer and also the charge density distribution between

particles, and a two-dimensional snapshot of the

proposed lateral orientation under excitation of trans-

verse electric polarization mode are depicted in this

FIG. 4. (a) A schematic diagram of the dimer structure in lateral position and the charge distribution are illustrated under transverse electric

polarization mode. Also, the excitation of plasmon modes is depicted by a two-dimensional snapshot, (b) Scattering cross-sectional diagram for the

lateral dimer in the presence and absence of the SiO2 layer as a linker.
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illustration. Conventionally, the presence of a SiO2

substrate acts as a junction layer in the Au and Ag

nanoparticles dimers. Analogously, in a Cu-based nano-

disc couple, a dramatically large dielectric screening

has been introduced by generating the molecular

connector in the small gap distance due to presence of

a silica layer. In our numerical simulations, we studied

the effect of this linker layer in the quality of plasmon

resonance coupling. Figure 4b shows the scattering

cross-sectional diagram of the latest orientation of

nanodiscs in a strong coupling regime under transverse

electric polarization mode excitation. In this simulation

step, we calculated the spectra for the presence and

absence of dielectric linked layers (SiO2). Two pro-

nounced multipolar extremes greater than dipolar peaks

are apparent along the scattering spectra for the

presence of oxide layer; on the other hand, for the

absence of connector band, a sole quadrupolar peak is

generated. Also, a noticeable red shift in the dipolar

peak occurs for the presence of the oxide linker. The

apparent distinct red-shift for the dielectric linker will

help us to realize the molecular junction between Cu

nanodiscs, which opens new gates to extend the number

of particles to design self-assembled complex aggre-

gates that can be employed to design surface-enhanced

Raman spectroscopy (SERS) and LSPR devices.

THE PLASMON RESPONSE OF COPPER
NANODISC HEPTAMERS

Highly complex clusters composed of Au and Ag

nanoparticles have been examined and investigated

numerically and experimentally in numerous publica-

tions.14–20 Symmetric heptamer clusters composed of

seven identical nanoparticles that are situated at the

same gap distance (D7h) from each other are the famous

types of self-assembled nanoparticle clusters that

resemble the molecular orientation of benzene. The

appearance of both bright and dark modes are generally

expected in this type of cluster, depending on the size of

the nanostructure, the size of the gap distance, the

material of the particles, and the polarization direction of

the incident light. Here, we try to study the plasmon

response and the behavior of apparent dark and bright

modes of a completely Cu-based nanodisc heptamer.

Figure 5a illustrates the scattering cross-sectional

profile for this structure under two opposite polarization

modes (u = 08 and, 908), which includes a schematic

diagram of the heptamer from a side view as an inset

picture. This spectral response is calculated numerically

based on geometric sizes that have been determined in

prior investigations of this work, and the gap distance is

2.5 nm. Due to the inherent symmetry of the heptamer

cluster, it can be tailored to support strong plasmon

modes interactions and Fano-like resonance interfer-

ences. The validity of this condition depends on the

nanoparticles substances (e.g., Au and Ag), but for the

Cu particle clusters the situation is interesting. In Fig. 5a

we observed a pronounced Fano-like minimum at

k � 1055 nm that has been characterized by the

suppression of the super-radiant mode (k � 740 nm).

Figure 5b shows a two-dimensional snapshot of plasmon

resonance excitation and coupling under the transverse

electric polarization mode for the completely Cu-based

heptamer. It should be noted that the polarization

direction of the incident light does not have a significant

influence on the position of the Fano-like dip due to the

outstanding symmetry of the cluster, and as a result, the

apparent Fano dip is isotropic. On the other hand, a sub-

radiant extreme is apparent at k � 1300 nm, which

supplies the interference of the opposite resonance

modes in the formation of the Fano minima. It has

already been verified that two relevant resonance modes

that are required for Fano interference are (1) the super-

radiant bright mode, which is associated with the dipolar

plasmon resonances of the cluster particles that have a

same oscillation direction of charge density, and (2) the

sub-radiant dark mode, where the charge density

oscillation of the central particles is in the opposite

direction of the peripheral particles.21,22 Note that the

coupling of the dark mode to the light mode is nearly

impossible in the nonretarded limit (quasistatic). In

contrast, in the retarded limit, a weak and constructive

coupling between sub-radiant and super-radiant plas-

mon resonance modes occurs, induced by a Fano-like

FIG. 5. (a) The scattering cross-sectional profile of the Cu-based heptamer structure under excitation of transverse and longitudinal polarizations.

Arrows indicate a Fano-like minimum, and super-radiant and sub-radiant peaks. Inset is the schematic diagram of the heptamer, (b) Two-

dimensional snapshot of the plasmon resonance excitation and coupling inside the heptamer cluster under transverse mode excitation.
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dip in the super-radiant continuum. The major difference

of the proposed Cu-based structure is the depth of the

Fano resonance minimum, which is comparable in

performance to analogous Ag- and Au-based clusters.

This regime verifies the strength of coupling of the dark

and bright modes, which leads to the interference of

radiated modes. It is well accepted that to provide the

pronounced Fano dip along the scattering efficiency

diagram, the symmetry of the structures must be

broken.13,23,30 This symmetry cancellation causes the

appearance of various dark modes that are not able to

couple to the super-radiant plasmon modes in the

associated continuum. Therefore, finding symmetric

configurations that are able to support strong plasmon

resonances without the expense of symmetry breaking is

an attractive and highly challenging goal. In the

examined Cu-based heptamer, the narrowness and

depth of the Fano minima can be used in designing

various LSPR sensors and SERS devices without the

expense of symmetry breaking, but the accuracy of this

structure for the declared applications is low and must

be improved. To this end, more complex clusters

composed of Cu nanoparticles can be employed that

are able to support very strong plasmon resonance

interferences at their energy continuum.

FANO RESONANCE IN ENTIRELY COPPER-
BASED NANODISC COMPLEX NANOCLUSTERS

Complex nanoclusters composed of Au particles in

pure and compositional regimes have been studied

extensively, and numerous publications have discussed

the quality of the plasmon resonance coupling and Fano

interferences in these subwavelength structures.23,29

Decamers, tetramers, and oligomers are some of these

clusters that have a wide range of uses in designing

efficient and highly responsive Fano sensors, Fano

switches, demultiplexers, and nanoantennas.23,31–33

Due to the inherent asymmetry of these clusters, strong

Fano resonances are possible during illumination with

an incident light at the optical frequency. This symmetry

cancellation originates from the difference between the

size of the central particle and peripheral particles in the

structure of these clusters. It is shown that the quality of

Fano minima can be affected dramatically by the

structural and environmental modifications regarding

the structure. For instance, Lassiter et al.29 has proved

that changes in the refractive index of the surrounding

dielectric material cause noticeable blue- and red-shifts

in the position of the Fano dip that also have significant

effects on the quality and narrowness of the Fano dip.

This opportunity allows us to design various precise

sensors based on Fano resonance reflection for the

possible medium perturbations. Herein, we have de-

signed an LSPR sensor based on Cu nanoparticles as an

octamer cluster that is composed of eight nanoparticles

that are located at the same gap distance from each

other (D7h). To provide comprehensive results of this

examination, we studied the effect of modifications in the

structural sizes of the cluster. Figure 6a demonstrates

the scattering cross-sectional profile for an octamer

composed of CU nanodiscs under transverse electric

polarization mode excitation, while the radius of the

central nanodisc is constant (Rc = 90 nm) and the radii of

surrounding particles (Rp) are variant parameters. In this

picture, the inset is a schematic diagram of the examined

octamer. Accordingly, increasing the size of Rp from

55 nm to 65 nm, the Fano minima is red-shifted to the

longer wavelengths from the k � 1180 nm to 1375 nm,

while the Fano dip became narrower and deeper

(desired regime). The other important tunable parameter

in this cluster is the radius of the central particle (Rc).

Figure 6b shows the scattering spectra for the Cu-based

octamer, while the radii of the peripheral nanoparticles

are constant (Rc = 65 nm) and the radius of the central

particle is a variant factor. Increasing the size of the

middle particle from 75 nm to 85 nm, the required

asymmetry to generate Fano interference can be

supplied, and as a result the Fano minima reflects a

small red-shift to the longer wavelengths, but then the

dip became much deeper and narrower. The highest

geometric parameters that have been achieved for the

octamer with the size of (Rc, Rp, h) = (85, 65, 35) nm is a

desirable nanocluster to employ in designing various

optical and plasmon sensors with high precision to the

minor surrounding perturbations. Additionally, Fig. 6c

demonstrates the charge density distribution direction of

the plasmon resonance modes through the cluster. The

oscillation direction of the resonance modes is different

in each one of the proximal particles, which verifies that

the formation of Fano interference corresponds to the

constructive interference of sub-radiant and super-

radiant modes in a weak-coupling regime. Figure 6d

shows a two-dimensional snapshot of the proposed

nanocluster under transverse electric mode excitation.

THE COPPER NANOPARTICLE-BASED
OCTAMER CLUSTER FOR SENSING

As mentioned in earlier investigations, Au-based

nanoclusters in various complex molecular orientations

have been employed extensively in designing precise

plasmonic sensors that function based on the quality

and position of Fano resonance dip. Preparing narrow

and deep Fano minima by an octamer composed of Cu

nanodiscs that are well organized in close proximity to

each other introduces the proposed structure as a

potential alternative to the very expensive Au-based

nanostructures. To evaluate the sensing accuracy and

performance of the examined Cu-based octamer, we

prepared a condition based on perturbations in the

refractive index of the environmental condition. Im-

mersing the cluster in various liquids with different

associated refractive indices, we calculated and deter-

mined the scattering spectra for the studied Cu-based

structure based on the behavior of Fano dip numerical-

ly, while the substance and refractive index of the

embedded or immersed medium have changed as

follows: CH3COCH3 (acetone) n = 1.351, C4H10O (buta-

nol) n = 1.399, and C6H6 (benzene) n = 1.501. Figure 7a

demonstrates the computed scattering cross-sectional

profile for the octamer with predetermined geometric

sizes. Increasing the refractive index of the medium

substance directly red shifts the Fano resonance to the

longer spectra, while the Fano minima becomes

narrower and deeper. For instance, a pronounced Fano
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FIG. 6. (a) The scattering cross-sectional profile of a Cu-based octamer under transverse electric polarization mode excitation, while the radius of

the central particle is fixed to Rc = 90 nm and the variant radii of peripheral particles. Inset is the schematic of the octamer, (b) the scattering cross-

sectional profile for the octamer, while the radii of peripheral particles is fixed to Rp = 65 nm and the radius of the central particle is variant. Inset

schematics show the geometric sizes of the octamer, (c) arrows show charge density oscillation inside the octamer cluster, and the charge density

distributions between proximal particles are depicted, and (d) two-dimensional snapshot of plasmon resonance excitation through the Cu octamer.

FIG. 7. (a) Calculated scattering cross-sectional profile for the Cu octamer while the structure is immersed by various liquids with different

refractive indices. Pronounced Fano dips are generated along the scattering spectra. The schematic diagram shows the studied cluster situation and

chemical formulation of butanol, acetone, and benzene materials, and (b) linear plot of plasmon energy differences over the refractive index

variations as a figure of merit (FoM).
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minima is apparent at k � 1585 nm for the ambient air,

and for the BK7 matching liquid the Fano dip is red-

shifted to k � 1835 nm. The inset diagram shows the

chemical formulations of butanol and acetone, and

schematic diagram of the octamer that is deposited on a

SiO2 substrate surrounded and immersed with the

liquids mentioned previously. We then determined the

sensitivity of plasmon resonance for the elucidated Cu-

based octamer. To this end, we divided the slope of

linear regression by a Fano linewidth 0.072 eV, and as a

result the figure of merit will be 13.25 (Fig. 7b). If we

compare analogous nanostructures with the proposed

octamer composed of Cu nanodiscs, the LSPR sensi-

tivity of the examined configurations is significant.

Table II contains the FDTD simulation parameters and

settings that have been considered for the cluster

investigations. The studied finite structure yields a

precise LSPR sensing opportunity by centering on the

Fano resonance position and minima depth. This

structure provides a precise sensing without the

expenses of symmetry breaking and without the use

of costly materials such as gold or silver.

CONCLUSIONS

In this study, we have examined the optical properties

and plasmon response of Cu nanodiscs in individual and

cluster orientations numerically. Determining the geo-

metric sizes for the employed nanoparticles in various

molecular formations, the quality of plasmon resonance

coupling between proximal Cu nanodiscs as simple and

complex subwavelength clusters has been investigated

numerically. Constructive and weak interference be-

tween bright and dark modes helped us to observe

pronounced Fano minima with noticeable depth and

narrowness along the scattering spectra for the Cu-

based clusters. We have verified that a particular Cu-

based structure has great potential to employ in

designing numerous fundamental plasmonic devices

such as LSPR sensors. To this end, we used an octamer

cluster composed of Cu nanodiscs based on studied

geometric sizes that are deposited on the SiO2 layer.

Immersing the Cu-based octamer in various liquids with

different refractive indices, we measured the sensitivity

of the structure to the environmental perturbations.

Finally, we quantified the LSPR sensitivity and precision

of the proposed plasmonic structure by plotting a linear

figure of merit (= 13.25). The introduced subwavelength

device yields new paths to design low-cost, efficient,

CMOS-compatible devices that are composed of Cu

nanoparticles that can support strong plasmon and Fano

resonances. Moreover, we have verified that the studied

Cu octamer reflects a comparable performance with Au-

and Ag-based nanostructures.
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