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Abstract

We study the interplay between localized surface plasmon resonances from metallic cores and
electromagnetic resonances from semiconducting shells in core@shell nanoparticles in the optical and
near-infrared regions. To this end, we consider silver (Ag) spheres as plasmonically active nanoparticles
with radii 20 nm, covered with shells of silicon (Si) up to 160 nm in thickness. We use the classical Lorenz-
Mie theory to calculate the response of the core@shell nanoparticles to an external electromagnetic field
that reveals a high degree of tunability of the Ag surface plasmons with a varying Si shell thickness, and a
consequent merging of their Mie resonances. In contrast with pure metallic systems, the use of alow-
bandgap semiconducting shell allows for a unique interrelation between its strong characteristic magnetic
dipole mode and the localized surface plasmon resonance of the metallic core. This allows control over
the forward and backward scattering efficiencies in the near-infrared in accordance with the predictions
based on the Kerker conditions. Employing several other core@shell materials (Al@Si, Au@Si and
Ag@Ge), we show that this approach to tailoring the absorption and scattering efficiencies, based on
Kerker’s conditions, can be further generalized to other similar core@shell systems.

1. Introduction

Metallic nanoparticles exhibit collective oscillations of their surface conduction electrons in an incident electromagnetic
field. These localized surface plasmon resonances (LSPRs) have been extensively studied and employed in modern
applications such as surface enhanced Raman scattering [ 1], optical fiber biosensors [2], sensing platforms [3], enhanced
and superscattering [4], optical antennas [5], energy scavenging from the environment [6], and scattering cancellation
and cloaking applications [7]. Plasmonic resonances emerge due to the high free carrier concentration in metallic
systems, typically of the order of 10> cm ™ [8]. The wavelength and intensity of the LSPRs depend on the material
(conduction electron density), size, shape of the nanoparticles and the medium in which they are embedded [9]. In
many cases, the dominant dipolar LSPR of metallic particles is in the near-ultraviolet or visible region due to the high
plasma frequency, and metallic particles suffer from significant losses in the near-infrared (NIR) region [ 10]. To this end,
doped conventional semiconductors such as silicon and germanium have been explored as potential candidates for
plasmonics and nanophotonic applications in the NIR [11, 12]. Dopants change the electronic structure and influence
the free charge carrier concentration by creating energy levels in the bandgap [13]. The minimum carrier concentration
to obtain metal-like optical properties in the NIR for semiconductors, such as silicon, is about 10*' cm ™ [14].
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Composite layers containing undoped low bandgap semiconductor microinclusions strongly reflect IR even
at small volume fractions [15]. Calculations of the spectral response of layers containing bare and oxide-coated
particles under irradiation from solar and blackbody emitters predict that the composites are useful as high
temperature thermal radiation insulators or for improved absorption of NIR radiation in solar cells [16]. These
properties would promote higher photovoltaic conversion efficiencies in ultra thin solar cells [6]. Further,
reflectances of up to 90% at specific wavelengths could limit transmittance in sensing applications [17].
Conventional plasmonic metal particles in contact with an absorbing semiconductor, such as Si, have also been
proposed to enhance broadband absorption in solar cells [ 18], and strong interaction has been observed between
the Fano-type resonances of metal and excitons from semiconductor carbon nanotubes [19, 20]. It was also
recently demonstrated that nanoparticles with alow bandgap semiconductor core covered by a metallic shell
show the effects of plasmon hybridization [21]. The shape confinement of the metallic shell leads to the
formation of interacting symmetric or anti-symmetric plasmon resonances [22—24]. The high permittivity of the
semiconductor core enhances the magnitude of the anti-symmetric modes, allows high tunability of the
resonance energies, and contributes additional modes [21].

While the plasmon hybridization offers ample possibilities to engineer the scattering and absorption
spectrum of composite nanoparticles [25, 26], the degrees of freedom metal-oxide systems are limited to electric
multipole modes. To this end, in this work we consider composite particles with a plasmonic core and a
semiconductor shell. In such systems the plasmonic modes due to the metallic core are simpler than in the
hybridized case. Importantly, however, the existence of the high-dielectric shell triggers both electric and
magnetic resonance modes which, combined with the plasmonic resonances, opens up a rich parameter space to
tune the absorption and scattering characteristics of the particles. Such small particles containing high
permittivity materials can minimize losses and saturation in metamaterials with negative effective permittivity,
permeability, and index of refraction [27-29]. Combining the exciton energy of semiconductor shell and the
surface plasmon resonance excitation energy of metallic core then provides unique directional scattering
properties and offers the exciting prospect of tailoring nanocomposite materials with stronger responses than
can be obtained using bare metallic nanoparticles [30]. The interaction of arbitrarily shaped core@shell
nanoparticles with light is well described using the full Maxwell equations [31, 32].

To study the interaction between plasmonic modes from a metallic core and modes from a semiconductor
shell, we focus on spherical core@shell particles having a Ag core with a fixed 20 nm radius and covered by a Si
shell with thickness up to 160 nm. First, the effective permittivity and dipolar resonances of the core@shell
particles are qualitatively approximated using the quasistatic approach. Following this, we examine the
absorption and scattering in the optical and NIR regions using full classical Lorenz-Mie (LM) theory. Our results
reveal shifting and merging of the Ag LSPR and Si Mie resonances with increasing thickness of the shell. In
particular, we demonstrate how the differential scattering can be tailored by adjusting the Si shell thickness due
to the strong electric and magnetic resonances from Si. Additional modeling results for Ag@Ge, Al@Si and
Au@Si are qualitatively similar and confirm the usefulness of metal@semiconductor nanoparticles for NIR
applications.

2. Methods

The interaction of homogeneous and core@shell nanoparticles with light is accurately described by the classical
LM theoryin the visible and NIR region [33, 34]. The scattered field from a core@shell particle has an analytical
solution, which is, in general, a superposition of the normal modes weighted by the corresponding Mie
coefficients [34, 35]. In addition, the optical response of the core@shell particles is considered in the quasistatic
approximation [33, 34, 36].

2.1. Metal@Semiconductor nanoparticles
In the present work, we consider primarily Ag@Si surrounded by a non-absorbing insulating medium with
constant refractive index #,e4 = 1.5 (€med = 2.25) to represent a medium such as silica, oxide or polymer.

The materials within the particle are described by the frequency-dependent complex (relative) permittivity,
¢. We show the real and imaginary parts of ¢ = ¢’ + i’ = (n, + ik)? (where n, is the refractive index and k is
the absorption coefficient) for bulk Ag and Siin figures 2(A), (B). The permittivity data for Si and Ag are taken
from Palik [37] and Johnson and Christy [38], respectively. Siis a low band gap semiconductor with a bandgap of
1.11eVat T=300 K [39].

The core@shell particles have a total radius R with the shell permittivity €, and core radius r with permittivity
€1 as shown schematically in figure 1. The Ag core radius is fixed at 20 nm, and the total particle radius R is
increased up to 180 nm by adding a coating of Si on the Ag core. Quantum finite size effects are pronounced in
particles with a radius much less than 20 nm [40], and the particles herein are thus sufficiently described using
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A)

€med
€med

Figure 1. (A) Schematic of a spherical core@shell particle with total radius R and core radius r. The metal core, which has permittivity
€1, is coated with a homogeneous semiconductor layer of uniform thickness R — rand permittivity ¢. (B) Schematic of an internally
homogenized sphere with radius R and effective permittivity .. The permittivity of the host medium is €,.q = 2.25 in both cases.

the permittivity of bulk Ag and classical theory. Furthermore, metallic nanoparticles are commonly prepared
using colloidal synthesis [41]. We also briefly discuss additional results for Ag@Ge, Al@Si and Au@Si
nanoparticles in the last section.

2.2. Quasistatic approximation
It is useful to first consider the optical response in the quasistatic limit, where the particles become polarized in
an external static field. Under the electrostatic approximation a sphere in an electrostatic field is equivalent to an
ideal dipole.

When utilizing the quasistatic approximation, the core@shell particles will be ‘internally homogenized’ into
ahomogeneous spherical particle with effective permittivity, €., and total radius, R, as shown schematically in
figure 1. The quasistatic polarizability of a core@shell particle is given by [34]

R (e — €med) (&1 + 262) + 17 (6 — €3)(Emed + 262) PY

o = 4T Emed e))
‘ R + 2emed) (& + 222) + 2°(22 — Emed) (@ — €2)
while for a homogeneous sphere of permittivity it simplifies to
Q) = ATEmed Eeff T Emed p3- )
Eeff + 2€med
The effective permittivity of the internally homogenized core@shell particle can be obtained by combining
equations (1) and (2) as [36]
3 3 —
ot — 62R (e1+ 26) + 2r°(e — €) 3)

R¥(e +26) — r’(a—e)

This equation for the effective permittivity will be used to qualitatively identify the energy of the dominant
dipolar excitations in section 3.1.

The Frohlich condition, which is valid for vanishingly small size parameter, arises by minimizing the
denominator of equation (2) and where Im[e.g] is small.

Re[eet] = —2emed- (4)

At €or & — 2€ 4 the polarizability becomes very large and is referred to as the dipolar surface plasmon

resonance. The relation also explains the sensitivity of the plasmon resonance to its surroundings. The

polarizability describes the characteristic resonances of a particle and the strength of its scattering efficiency.
In the electrostatic approximation the scattering efficiency of a small sphere is given by [34]

sca >

sutic _ 8. 41 Eeff — Emed )
3 Eeff T 2€med

where y = 27n,,.4R/ M is the size parameter. The backscattering efficiency for a small sphere is greater than the
total scattering efficiency and is given by

i £ — &
Qﬁtatlc — 4)/4' eff med |2‘ (6)
Eeff T 2€med
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2.3. Lorenz-Mie theory for core@shell spheres

An analytical solution to Maxwell’s equations yields the dielectric response of a spherical core@shell particle in
an external electromagnetic field in terms of its characteristic electric and magnetic Mie coefficients a,, and b,
respectively [33], as

U (may) — Ay X (may)] — mythy, (1) e (may) — Aux,(may)]

n ! / / ’ 7
&M, (myy) — Aux, (mey)] — my& () [¥n(may) — Aux, (may)] @
- my Uy (N[5, (may) — Bux (man)] — (D [Wn(may) — Bux,(m2y)] ®
C ml, (D[ my) — Bux (may)] — € (1) [$n(may) — Bux, (may)]
where
A — My, (M x) W (1) — ), (M) P, (myx) ©)
" my X, (myx) ), (myx) — mlx;(mzx)¢n(m1x) ’
and

B, — mzwn(mlx)w;(mzx) - m11ﬁn(m2x)1,/1:,(m1x) (10)

my X (M%) Y (mx) — mya), (mix) X, (max)”

where prime indicates differentiation with respect to the argument of the corresponding function, m; and m;, are
the refractive indices of the core and shell relative to the medium, and x is the size parameter of the core. The
radial functions ¥,,(x) = xj,,(x), £,(x) = ¥,,(x) + ix,(x) and x,,(x) = — xy,(x) are Riccati-Bessel and Hankel
functions where j,;, y,, are the spherical Bessel functions [34]. The order of the electric and magnetic modes are
represented by N, where dipole corresponds to N = 1, quadrupole to N = 2, and so on.

The total scattering (Qs.,), absorption (Q,ps), back (Qy,) and forward scattering (Qy) efficiencies [34] can be
computed from

2 N
Qsca = ? 2(21’1 + 1)(|an|2 + |bn|2)1 (11)
n=1
2 N
Qabs = 7 Z(Zn + D[Re(a, + by) — (lanlz + |bn|2)]) (12)
n=1
1 N
Q= ?|Z(2n + D(=1D)*a, — ba)l* (13)
n=1
and
1 N
Qf = 7|Z(2ﬂ + D(an + ba) %, (14)
n=1
1/3

series are terminated after y + 4y'/~ 4 2 terms In general, there is no simple relationship between the different

scattering efficiencies, but if we assume that the dipolar modes with N = 1 dominate the response, we can easily
N= 6 - 9 - 9 C .

seethat Q=1 = ;(|ﬂ1|2 + |6y, Q= = 7' (@ — b)Pand QN=' = 7' (a1 + by)|%. Thisimplies that

Q :l+QN:1
== —3 (15)

sca
We will show in the next section that this dipolar approximation gives a good qualitative understanding of the
interplay between the different scattering efficiencies.

In the dipolar approximation one can also see that it is possible that the backward (forward) scattering
vanishes, which happens for a; — b; = 0 (a; + b; = 0). This is called the first (second) Kerker condition and is a
useful guide to tailor the differential scattering efficiencies using the Mie coefficients.

The sensitivity of the optical properties to variations in size was examined using ensembles of polydisperse
nanoparticles with size distribution, p(R). The particle size was normally distributed with average total radius,
R,vg, and standard deviation, 0. The ensemble averaged backscattering efficiency is

Qavg,b = Z p(Rz) Qb(Ri)> (16)

where iis the binning index [42], and similar expression for the ensemble averaged forward scattering efficiency.
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Figure 2. (A) The real part of the effective permittivity e.¢ from equation (3) for Ag nanoparticles (r = 20 nm) coated with Siand a
varying total radius R. (B) The corresponding imaginary part of e.¢. (C) Cole-Cole plots of .4 The inset depicts the value of Im[e.] at
the frequency where Re[e.s]is —4.5, in the region —8 < Re[e.] < —2.The dashed linesin (A) and (C) denote Re[e.] = —4.5.

(D) The scattering efficiency of a bare 20 nm Ag nanoparticle and different total radius R of Ag@Si nanoparticles calculated with the
quasistatic approximation (dotted line) and the full Mie solution (solid line).

3. Results

3.1. Quasistatic approximation

In this subsection, we discuss the results from the quasistatic approximation of section 2.2 which allows the
dominant dipolar resonances in a static external electric field to be identified. Plots of the real and imaginary part
of the effective permittivities e ¢ for the Ag@Si (core@shell) nanoparticles are shown in figures 2(A)—(B). The
core size is fixed at 20 nm and the total radius is 30, 35, 40 or 120 nm. A Cole-Cole plot [43], i.e. the imaginary
versus the real part of the permittivities is presented in figure 2(C). First, the behavior of the effective permittivity
is described and then it is used to calculate the scattering efficiencies of the effective, ‘internally homogenized’
particle (figure 2(D)).

At short wavelengths (A < 700 nm), the effective permittivities of the core@shell particles are bracketed by
the permittivity of the bulk core and shell materials. Atlonger wavelengths (A > 1 pm), the effective
permittivities of the core@shell particles approach the real part of the permittivity of bulk Si from larger values
for increasing shell thickness. At intermediate wavelengths, there is a large fluctuation in the effective
permittivities of the core@shell particles due to the strong dispersive effect and the function of equation (3). The
heart-shaped regions (A = 250 to A = 1800 nm) of the Cole-Cole plots are a different feature which describes the
interband transition region of Si (figure 2(C)).

The dipolar plasmon resonance occurs at Re[eqf] ~ —2ep.4 = —4.5 for vanishingly small size parameter
(equation (4)). This value is denoted by the dashed line in figures 2(A), (C). It can be seen that the addition of a
high permittivity Si shell redshifts the plasmon. The plasmon shifts from about 632 nm to 704 nm when the shell
thickness increases from 10 to 20 nm (figure 2(A)).

The imaginary component in the effective permittivity at the dipolar plasmon resonance condition
accumulates with the increasing shell thickness as can be easily observed at the dashed line in the inset of
figure 2(C). The strengthening indicates the surface plasmon will have more losses, and yet for particles with a




IOP Publishing J. Phys. Commun. 5(2021) 015002 F Seyedheydari et al

1.0 B) 3
Qabs 0.8 128 Qsca 4
06 E120 3
£100
0.4 « 80 2
0.2 bil J e 1
2 0. 2
%.4 06 08 10 12 14 16 9 %.4 06 08 10 1.2 14 16
Wavelength (um) Wavelength (um)
Figure 3. (A) The absorption efficiency, and (B) the total scattering efficiency as a function of the total radius R and wavelength \ for
Ag@Si, where the core radius is fixed at 7 = 20 nm and the total radius varies from 20 to 180 nm. The particles are embedded in a
medium with a refractive index of 1,4 = 1.5. Dominant Mie resonances are indicated by red letters in both panels.

thin shell, the intensity of the surface plasmon is likely maintained. In the particles with a thick shell, such as
R = 120 nm, the effective permittivity approaches the permittivity of bulk Siand no longer reaches the
resonance condition of —4.5 in this region. Thus the thick shell Ag@Si particles are no longer plasmonic.

The observations obtained from the resonance conditions are then validated by calculating the scattering
efficiencies for the bare and the internally homogenized nanoparticles from the quasistatic approximation of
equation (5). The scattering efficiencies of a bare Ag and core@shell Ag@Si with different total sizes (R = 30, 35,
and 40 nm) are shown in figure 2(D). Similar to the redshift discussed in figure 2(A), the maximum of the
scattering resonance redshifts with increasing total size. The scattering efficiency equation from the electrostatic
approximation is valid for a small size parameter (y < 1), and here the size parameter of the particle with
R =40 nm, for example, is about 0.5 between A = 700 to A = 800 nm. Thus the electrostatic approximation
cannot predict the position of resonances accurately compared with result from LM theory which are discussed
in the next section.

3.2.Results from Lorenz-Mie Theory

3.2.1. Absorption and scattering efficiencies

In this section, we discuss results of the calculations from the full LM theory. The scattering efficiency obtained
from LM theory are presented alongside the results from the quasistatic approximation in figure 2(D). The
dipolar scattering mode predicted by the quasistatic approximation is consistently blueshifted from the full LM
theory. The quasistatic approximation includes only the dipolar mode and overestimates its energy.

Next, the absorption and scattering efficiencies of the Ag@Si nanoparticles calculated from LM theory are
discussed for core radius fixed at 20 nm and total radius up to 180 nm. The efficiencies display a rich multi-
modal behavior in figures 3(A) and (B). The dominant low-energy Mie resonances are indicated on the plots.
The maxima of the efficiencies shift to longer wavelengths as the dielectric shell is initially added. The unequal
shifting of the dipolar electric and magnetic modes arises from the nature of the resonances. The dipolar electric
mode is a plasmonic mode that is present in the bare Agand Ag@Si particles with a thin shell discussed in the
previous section. This plasmonic resonance shifts to longer wavelengths because m,, the relative refractive index
of the shell and medium, is greater than one. The effect of the change in the dielectric environment lessens as the
shell becomes thicker, and consequently the shift of the plasmon resonance gradually diminishes. In contrast,
the dipolar magnetic mode arises only once the semiconductor shell has been added and continues to shift
unabated.

The origins of the resonances are validated by the Mie coefficients of a bare Ag particle (r = 20 nm) where the
electric modes are far more pronounced than the magnetic modes. The contribution from the magnetic dipole
mode greatly increases as the Si shell is added indicating that b; is a dielectric magnetic mode originating from
the Sishell. While the metallic core is expected to have some influence on the dielectric modes originating in the
shell, the core is small and there were no significant changes of the Mie coefficients of the bare Si particles in this
range. With increasing shell thickness, the magnitude of the quadrupole electric mode (a,) intensifies and is
indicated in figure 3(A). The metallic core is responsible for this mode.

Due to the different nature of the resonances, the modes approach each other as the particle dimensions are
adjusted. Initially the electric dipole mode associated with the Ag core redshifts rapidly up to about 0.75 pm with
an increase in the Sishell thickness and then the rate of the redshift diminishes with further increase in the shell
thickness. On the other hand, the magnetic Mie mode associated with the Si shell continues to redshift linearly
with an increase in the shell thickness up to and beyond the point of degeneracy at R = 100 nm. For particles
with a total radius of about 100 nm, the plasmonic electric and dielectric magnetic dipole modes are degenerate
in energy and there occurs a strong overlap of the modes.
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In particular, this degeneracy strengthens the scattering response of the core@shell particle in the NIR. For
particles with the thickest dielectric shell, the higher order Mie coefficients also contribute to the scattering
efficiency (figure 3(B)). By contrast, the magnitude of absorption efficiency decreases as the higher-order modes
from the shell are excited (figure 3(A)).

Itis possible that the outer Si shell partially oxidizes to silica in experiments. Silica has a smaller refractive
index (approximately 1.45) than Si, and partial oxidation would reduce the effective relative refractive index of
the shell to the medium, m,. In addition, partial oxidation would decrease the thickness of the Silayer. Both
decreasing the shell thickness and the dielectric environment of the core are expected to blueshift the Mie
resonances and reduce their magnitude. The effect of oxidation has already been discussed in the case of
semiconductor@oxide and metal@oxide particles in [9, 16]. Therefore, to avoid any undesirable diminished
efficiency and shifting of the modes, oxidation of the Si shell should be kept minimal.

The synthesis of Au@Si nanoparticles embedded in silica matrix has reported using Au and SiO, atom beam
co-sputtering and subsequent annealing [44]. It has been reported that by increasing the Si content in the shell,
the LSPR peaks redshift and intensify. The experimental observations on small metal@semiconductor particles
(diameter less than 4.6 nm) are in agreement with the computational results discussed herein. Further,
computational methods can guide future experiments by calculating the properties of particles with a variety of
dimensions. We also note that electrostatic calculations have been extremely successful at predicting the
experimental optical properties of metal@oxide [3, 45, 46] and oxide@metal [22, 47] nanoparticles.

Another factor affecting the electromagnetic response in experiments comes from surface roughness that
may lead to significant increase in scattering. The surface texture can be characterized using a roughness
parameter which quantifies the size of the grooves relative to the incident wavelength. Previous computational
studies have shown that the scattering by rough particles does not deviate strongly from smooth particles when
the roughness parameter is less than 1, i.e., when the surface roughness is small compared with the wavelength
[48]. Backscattering enhancement has been observed in laboratory-controlled optical experiments [49, 50],
where a sharp peak of finite angular width is exhibited in backscattering from a random distribution of discrete
scatterers. Cross-polarization scattering phenomena can also be involved in this process [51]. In near-earth
astronomy, coherent backscatter from asteroids goes under the label opposition effect [52, 53]. Even if in these
examples the scatterer sizes are considerably larger than the those in our study, we cannot neglect the possibility
of the emergence of similar enhancement phenomena also in the nanoscale. This is an interesting topic that
warrants further investigation.

3.2.2. Directional scattering and the Kerker condition

Due to the strong enhancement of the scattering of the Ag@Si particles in the NIR, it is of interest to understand
the directional properties of the scattered field. Directional scattering can be useful for thermal NIR sensor
applications to control heating or material degradation from radiation effects. The directional properties are
conveniently analyzed using the Kerker conditions [54]; for more details see, e.g., [55-57]. As discussed in
section 2.3, the backscattered radiation from a sphere is predicted to be zero when the electric (a;) and magnetic
(by) dipole coefficients coincide (a; = b;) and other higher-order modes are negligible as per the first Kerker
condition [58, 59].

This prediction is confirmed in the differential scattering efficiencies of Ag@Si with a core radius r = 20 nm
that are presented in figure 4(A) for the backscattering and in figure 4(B) for the forward scattering directions.
The backscattering efficiency vanishes for particle with a total radius of 120 nm coinciding with the degeneracy
of the plasmonic electric and dielectric magnetic modes. The real and imaginary parts of the first two Mie
coefficients a; and b, for particle with a total radius of 120 nm are shown in figure 4(C). The degeneracy is
confirmed by an explicit inspection of the Mie coefficients. The dashed vertical lines in figures 4(C) and (D) at
944,770, and 600 nm indicate where the contributions of the real parts from the dipolar electric and magnetic
coefficients are equal. The most interesting case is that of wavelength A = 944 nm, where the imaginary parts of
a; and b, are also identical down to two decimal points, and thus the first Kerker condition (a; — b, = 0) is
satisfied almost exactly. This indicates that interference between the scattered field from the plasmonic electric
and dielectric magnetic modes is destructive in the backward direction. The total scattering is strong and
forward scattering dominates. We note that due to the higher modes (included in figure 4(D)) the backscattering
would never identically vanish even if the Kerker condition were precisely satisfied. This is most evident at
A = 600 nm, where the Kerker condition for dipolar modes is approximately true but the backscattering
efficiency is actually very large.

Itis also interesting to note that the forward scattering efficiency is significantly reduced between about 770
and 900 nm (figure 4(D)). In order to check the validity of the second Kerker condition, we have focused on the
second indicated wavelength, at A = 770 nm. As seen in figure 4(C) the real parts of a; and b; are equal while
Im(a;) = —Im(b;). This mismatch of phases is suggestive of the second Kerker condition of dipolar order
(a1 + b; = 0) but it requires the real component to be zero. Nevertheless, it is noteworthy that there is a broad
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Figure 5. (A) The size distributions of Ag@S:i particles with normal distributions with average total particle radius of either Ryys = 120
or 125 nm and standard deviations o = 5, 10, or 30 nm. (B) The backward and (C) forward scattering efficiencies of an ensemble of
particles with the size distribution in (A).

spectral range in which the modes are out of phase and a considerable decrease in the forward scattering
efficiency is observed. The zero backscattering efficiency for a given particle dimension can be easily explained by
identifying the exact mode composition. This comes from the overlap of the dielectric magnetic mode (b,) and
the electric mode (a;) which satisfies the first Kerker condition. For practical applications, the wavelength of the
forward-directed scattering with zero backscattering can be manipulated by changing the materials.

To check the optical properties under realistic experimental conditions, we examined how the scattering
efficiency of the particle satisfying the Kerker condition, i.e., with average total radius of 120 nm, would change if
it were part of an ensemble of polydisperse Ag@Si nanoparticles. To this end, the backward and forward
scattering efficiencies of an ensemble of particles with a normally distributed total radius, R,yg, 0of 120 nm and
standard deviations o = 5, 10, or 30 nm were calculated. The backward and forward scattering efficiencies,

Qavgb and Q,yg 6 in figures 5(B)—(C) show that the backscattering efficiency remains zero in polydisperse
samples with o less than 10 nm. The backscattering efficiency increases and the peaks broaden as the size
distribution of the particle ensemble broadens due to the increased contribution from particles which do not
satisfy the Kerker condition. We note that 95.5% of the particles are between 100 and 140 nm in the distribution
with R,y = 120 nm and standard deviation of 10 nm. A particle with a radius of 140 nm is 17% larger by radius

8



10P Publishing

J. Phys. Commun. 5(2021) 015002 F Seyedheydari et al

A)
160
140 4 2
£ 120
£100
x 80 2 2
60 A lay |
40 la;|
- - 0
07706 08 10 12 14 16 O ‘04 06 08 10 12 14 16
Wavelength (pm) D) Wavelength (um)
160 Qsca
4 140 Ag@5i02| 4
£ 120
€100 , £100 |
80 80
o b1 las * 60
40‘|“l|
200.4 06 08 10 12 14 1.6 . - 06 08 10 12 14 16 Q
Wavelength (pm) Wavelength (pm)
Figure 6. The total scattering efficiency as a function of the total radius R and wavelength \. Here the core radius is fixed at r = 20 nm
and the total radius varies from 20 to 180 nm for (A) Ag@Ge, (B) Al@Si, (C) Au@Si, and (D) Ag@SiO, nanoparticles. The particles are
embedded in a host medium with a refractive index of 11,4 = 1.5.

than the mean size. Thus, the zero backscattering spectral region is very resistant to variations in the total size.
We also examined polydisperse Ag@Si particles with a different average total radius (R,yg = 125 nm).
Interestingly, in the case of R,,, = 125 nm and o = 5 nm the backscattering efficiency (figure 5B) has two
minima between wavelengths 850 and 1050 nm.

Increasing the core radius will also redshift the wavelength of the zero backscattering as the intersection of
the electric and magnetic modes occur for a thicker Si shell. For example, the wavelength of the zero
backscattering efficiency at A = 944 nm for the r = 20 nm particle shifts to A = 1042 nm for r = 30 nm. The total
size of the particle also needs to be larger, namely 135 nm instead of 120 nm.

3.2.3. Core@Shell particles containing other materials

Finally, we examine the effects of (a) changing the shell material to another low bandgap semiconductor, Ge,
which has abandgap of 0.66 €V, and, (b) the core material alternatively to Al (dipolar LSPR at 82.6 nm) or Au
(dipolar LSPR at 500 nm). Ge and Si are both indirect band gap semiconductors but differ significantly in the
values of their dielectric permittivity and bandgap.

In figure 6, we show the total scattering efficiencies for Ag@Ge, Al@Si and Au@Si nanoparticles with the core
fixed at r = 20 nm. The scattering efficiencies of Ag@Ge shift to longer wavelengths than the Ag@Si
nanoparticles (figure 3(B)) due to an increase in the permittivity of the shell at these wavelengths. Furthermore,
this strong redshift is accompanied by large losses that weaken Q. Similar to the Ag@Si, the Ag@Ge particle has
amagnetic dipole mode that interferes with the electric mode to satisfy the first Kerker condition for
characteristic particle dimensions. However, the magnetic dielectric and plasmonic electric dipole modes for
Ag@Ge are degenerate at A = 1080 nm for a particle with a total radius about 100 nm (figure 6(A)). In contrast,
these modes are degenerate at A = 890 nm for the Ag@Si particles (figure 3(B)).

The robustness of this approach to tailoring the forward and backscattering response of the nanoparticles
for different wavelength regions is further confirmed when the core material is changed to either Al or Au. The
a; mode in the particle with a Ag, Al, or Au core have similar redshifts upon coating with a high permittivity
semiconductor shell. This redshift is due to the value of the relative refractive index of the shell to that of the
host, m,, is greater than one. Yet the a; mode in each of the bare Al, Au, and Ag nanoparticles are at distinct
energies, and so the redshift originates at different wavelength. In particular, comparing the scattering
efficiencies of Ag@Si in figure 3(B) with those of Al@Si and Au@Si in figures 6(B) and (C) shows the similarity
of their behavior. In all cases, an overlap of the Mie resonances associated with the core and the shell strongly
enhances scattering. The magnetic and electric dipolar resonances merge at A = 1080 nm, A = 680 nm and
A =940 nm for Ag@Ge, Al@Si and Au@Si particles with a total radius of 115 nm, 85 nm and 120 nm,
respectively. The particles with a Ag or Au core merge in the NIR, but the merger for the Al core occurs in the
visible region. Figure 6(D) shows the scattering efficiency of the metallic core covered with dielectric shell
(Ag@Si0,). The stark difference between the oxide and the semiconductor coating clearly illustrates the
importance of semiconductor shells and their magnetic mode which is required to satisfy the Kerker
condition in these configurations.
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4. Conclusions

The core@shell particles here display a rich variety of electric and magnetic Mie resonances that produce
significant changes in the absorption and scattering properties. We have proposed a design with
metal@semiconductor nanocomposites that is of great interest due to their size-dependent optical and
electronic properties. We have focused on the effects of particle dimensions and material on the backward and
forward scattering in the visible and near-IR regions, and described the origin of the phenomena observed
using fundamental physical concepts (the Kerker conditions). To this end, we have studied the optical
properties of metal@semiconductor (Ag@Si, Ag@Ge, Al@Si and Au@Si) spherical nanoparticles of total

radii 20-180 nm with a focus on the influence of alayer of Si on a Ag core in the visible and near-IR regions
using the quasistatic approximation and the full Lorenz-Mie theory. The presence of a plasmon resonance for
thin shell was confirmed in the quasi-static approximation using an effective permittivity for this core@shell
configuration.

The use of Ag nanoparticles as a core with an optimized dimension in this arrangement yields increased
absorption efficiency in the visible and infrared (IR) range while the absorption efficiency peaks of a bare Si of the
same dimension are observed at wavelengths in the ultraviolet (UV) range. The LSPRs associated with the Ag
core redshift and are modulated as the encapsulating dielectric environment changes from the non-absorbing
host medium to the increasing thickness of the high-permittivity semiconducting Si shell. Although the
resonances might be thought of as arising from either the core (such as the plasmonic dipolar electric mode) or
the shell (such as the dielectric dipolar magnetic mode), this simplistic description does not quite illustrate the
intricate interplay between the resonances that occur within the core@shell particle. Our results show that the
scattering modes characteristic of a core@shell particle are a complex amalgamation of the particle dimensions,
core and shell materials, and its environment.

The Ag@Si particles with a 20 nm core and a total radius 120 nm exhibit degenerate dipolar electric and
magnetic Mie resonances with zero backscattering efficiency at A = 944 nm as a result of satisfying the first
Kerker condition. Similar minimization of the backscattering is also observed for Ag@Ge, Al@Si and Au@Si
nanoparticles. Particles with a core radius of 20 nm and a total radii of 120, 75 and 100 nm satisfy this condition
for Au@Si, Al@Si and Ag@Ge particles at A = 950, A = 650 and A = 1030 nm, respectively. Due to the different
characteristic positions of the LSPRs, the first Kerker condition is satisfied at a different wavelength and
dimensions for these particles. Furthermore, the Ag@Si particles have a broad spectral range between 770 and
900 nm where in there occurs minimal forward scattering.

The analysis of the complex electromagnetic interaction triggered by the electric plasmonic modes of the
silver core and the magnetic modes created in the high-dielectric layer makes our work particularly interesting
for applications. It gives both physical intuition into the manner these modes affect each other’s spectral shifts
and recipes how to engineer core—shell objects with optimally responding structure, in particular towards
enhanced or minimized reflection efficiency. The results should thus be useful for experimental and theoretical
design of plasmonically enhanced applications in the near-IR [60, 61].

Despite employing a simple spherical geometry for the core@shell particles, quite a lot of interesting physics
follows nevertheless. Thus, a natural extension would be to ‘squeeze’ the sphere and consider an ellipsoidal shape
since the quasi-static analysis (although not full Lorenz- Mie) can be extended to those geometries, and the
qualitative behavior estimated there from. Further shape modification could be towards quasicubes,
superspheres [62] but since one cannot find analytical solutions in the quasistatic case for these, it would require
to resorting to numerical methods such as the surface-integral-equation methods [63].
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