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Abstract
Westudy the interplay between localized surface plasmon resonances frommetallic cores and
electromagnetic resonances fromsemiconducting 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, coveredwith shells of silicon (Si)up to 160 nm in thickness.Weuse the classical Lorenz-
Mie theory to calculate the response of the core@shell nanoparticles to an external electromagneticfield
that reveals a highdegree of tunability of theAg surface plasmonswith a varying Si shell thickness, and a
consequentmerging of theirMie resonances. In contrastwith puremetallic systems, theuse of a low-
bandgap semiconducting shell allows for a unique interrelationbetween its strong characteristicmagnetic
dipolemode and the localized surface plasmon resonance of themetallic core. This allows control over
the forward andbackward scattering efficiencies in thenear-infrared in accordancewith the predictions
based on theKerker conditions. Employing several other core@shellmaterials (Al@Si, Au@Si and
Ag@Ge), we show that this approach to tailoring the absorption and scattering efficiencies, basedon
Kerker’s conditions, canbe further generalized to other similar core@shell systems.

1. Introduction

Metallicnanoparticles exhibit collectiveoscillationsof their surface conduction electrons in an incident electromagnetic
field.These localized surfaceplasmonresonances (LSPRs)havebeenextensively studied andemployed inmodern
applications suchas surface enhancedRaman scattering [1], opticalfiberbiosensors [2], sensingplatforms [3], enhanced
andsuperscattering [4], optical antennas [5], energy scavenging fromtheenvironment [6], and scattering cancellation
andcloakingapplications [7]. Plasmonic resonances emergedue to thehigh free carrier concentration inmetallic
systems, typically of theorderof 1022 cm−3 [8]. Thewavelengthand intensityof theLSPRsdependon thematerial
(conductionelectrondensity), size, shapeof thenanoparticles and themediuminwhich they are embedded [9]. In
manycases, thedominantdipolarLSPRofmetallic particles is in thenear-ultraviolet or visible regiondue to thehigh
plasma frequency, andmetallic particles suffer fromsignificant losses in thenear-infrared (NIR) region [10]. To this end,
dopedconventional semiconductors suchas siliconandgermaniumhavebeen explored aspotential candidates for
plasmonics andnanophotonic applications in theNIR [11, 12].Dopants change the electronic structure and influence
the free charge carrier concentrationbycreating energy levels in thebandgap [13]. Theminimumcarrier concentration
toobtainmetal-likeoptical properties in theNIR for semiconductors, suchas silicon, is about1021 cm−3 [14].
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Composite layers containing undoped low bandgap semiconductormicroinclusions 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 ofNIR 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 specificwavelengths could limit transmittance in sensing applications [17].
Conventional plasmonicmetal 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 ofmetal and excitons from semiconductor carbon nanotubes [19, 20]. It was also
recently demonstrated that nanoparticles with a low bandgap semiconductor core covered by ametallic shell
show the effects of plasmonhybridization [21]. The shape confinement of themetallic shell leads to the
formation of interacting symmetric or anti-symmetric plasmon resonances [22–24]. The high permittivity of the
semiconductor core enhances themagnitude of the anti-symmetricmodes, allows high tunability of the
resonance energies, and contributes additionalmodes [21].

While the plasmon hybridization offers ample possibilities to engineer the scattering and absorption
spectrumof composite nanoparticles [25, 26], the degrees of freedommetal-oxide systems are limited to electric
multipolemodes. To this end, in this workwe consider composite particles with a plasmonic core and a
semiconductor shell. In such systems the plasmonicmodes due to themetallic core are simpler than in the
hybridized case. Importantly, however, the existence of the high-dielectric shell triggers both electric and
magnetic resonancemodeswhich, combinedwith the plasmonic resonances, opens up a rich parameter space to
tune the absorption and scattering characteristics of the particles. Such small particles containing high
permittivitymaterials canminimize losses and saturation inmetamaterials 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 ofmetallic core then provides unique directional scattering
properties and offers the exciting prospect of tailoring nanocompositematerials with stronger responses than
can be obtained using baremetallic nanoparticles [30]. The interaction of arbitrarily shaped core@shell
nanoparticles with light is well described using the fullMaxwell equations [31, 32].

To study the interaction between plasmonicmodes from ametallic core andmodes froma semiconductor
shell, we focus on spherical core@shell particles having a Ag corewith afixed 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 andNIR regions using full classical Lorenz-Mie (LM) theory.Our results
reveal shifting andmerging of the Ag LSPR and SiMie 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 andmagnetic resonances fromSi. Additionalmodeling results for Ag@Ge, Al@Si and
Au@Si are qualitatively similar and confirm the usefulness ofmetal@semiconductor nanoparticles forNIR
applications.

2.Methods

The interaction of homogeneous and core@shell nanoparticles with light is accurately described by the classical
LM theory in the visible andNIR region [33, 34]. The scatteredfield from a core@shell particle has an analytical
solution, which is, in general, a superposition of the normalmodesweighted by the correspondingMie
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 insulatingmediumwith
constant refractive index nmed= 1.5 (εmed= 2.25) to represent amedium such as silica, oxide or polymer.

Thematerials within the particle are described by the frequency-dependent complex (relative) permittivity,
ò.We show the real and imaginary parts of ( )= ¢ + ¢ = +¢  i n ikr

2 (where nr is the refractive index and k is
the absorption coefficient) for bulk Ag and Si infigures 2(A), (B). The permittivity data for Si andAg are taken
fromPalik [37] and Johnson andChristy [38], respectively. Si is a low band gap semiconductor with a bandgap of
1.11 eV atT= 300 K [39].

The core@shell particles have a total radiusRwith the shell permittivity ε2 and core radius rwith permittivity
ε1 as shown schematically infigure 1. TheAg core radius isfixed at 20 nm, and the total particle radiusR is
increased up to 180 nmby adding a coating of Si on the Ag core. Quantum finite size effects are pronounced in
particles with a radiusmuch less than 20 nm [40], and the particles herein are thus sufficiently described using
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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 andAu@Si
nanoparticles in the last section.

2.2.Quasistatic approximation
It is useful tofirst 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
a homogeneous spherical particle with effective permittivity, εeff, and total radius,R, as shown schematically in
figure 1. The quasistatic polarizability of a core@shell particle is given by [34]

( )( ) ( )( )
( )( ) ( )( )

( )a pe
e e e e e e e e
e e e e e e e e

=
- + + - +
+ + + - -

R r

R r
R4

2 2

2 2 2
, 11 med

3
2 med 1 2

3
1 2 med 2

3
2 med 1 2

3
2 med 1 2

3

while for a homogeneous sphere of permittivity εeff it simplifies to

( )a pe
e e
e e

=
-
+

R4
2

. 22 med
eff med

eff med

3

The effective permittivity of the internally homogenized core@shell particle can be obtained by combining
equations (1) and (2) as [36]

( ) ( )
( ) ( )

( )=
+ + -
+ - -

 
   

   

R r

R r

2 2

2
. 3eff 2

3
1 2

3
1 2

3
1 2

3
1 2

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

The Fröhlich condition, which is valid for vanishingly small size parameter, arises byminimizing the
denominator of equation (2) andwhere [ ]eIm eff is small.

[ ] ( )e e= -Re 2 . 4eff med

At εeff≈− 2εmed 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]

∣ ∣ ( )e e
e e

=
-
+

Q y
8

3 2
, 5sca

static 4 eff med

eff med

2

where y= 2πnmedR/λ is the size parameter. The backscattering efficiency for a small sphere is greater than the
total scattering efficiency and is given by

∣ ∣ ( )e e
e e

=
-
+

Q y4
2

. 6b
static 4 eff med

eff med

2

Figure 1. (A) Schematic of a spherical core@shell particle with total radiusR and core radius r. Themetal core, which has permittivity
ε1, is coatedwith a homogeneous semiconductor layer of uniform thicknessR − r and permittivity ε2. (B) Schematic of an internally
homogenized sphere with radiusR and effective permittivity εeff. The permittivity of the hostmedium is εmed = 2.25 in both cases.
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2.3. Lorenz-Mie theory for core@shell spheres
An analytical solution toMaxwell’s equations yields the dielectric response of a spherical core@shell particle in
an external electromagnetic field in terms of its characteristic electric andmagneticMie coefficients an and bn,
respectively [33], as

( )[ ( ) ( )] ( )[ ( ) ( )]
( )[ ( ) ( )] ( )[ ( ) ( )]

( )
y y c y y c

x y c x y c
=

¢ - ¢ - ¢ -
¢ - ¢ - ¢ -

a
y m y A m y m y m y A m y

y m y A m y m y m y A m y
; 7n

n n n n n n n n
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2 2 2 2 2

( )[ ( ) ( )] ( )[ ( ) ( )]
( )[ ( ) ( )] ( )[ ( ) ( )]
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y y c y y c

x y c x y c
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=
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where prime indicates differentiationwith respect to the argument of the corresponding function,m1 andm2 are
the refractive indices of the core and shell relative to themedium, and x is the size parameter of the core. The
radial functionsψn(x)= xjn(x), ξn(x)= ψn(x)+ iχn(x) andχn(x)=− xyn(x) are Riccati-Bessel andHankel
functionswhere jn, yn are the spherical Bessel functions [34]. The order of the electric andmagneticmodes are
represented byN, where dipole corresponds toN= 1, quadrupole toN= 2, and so on.

The total scattering (Qsca), absorption (Qabs), back (Qb) and forward scattering (Qf) efficiencies [34] can be
computed from

( )(∣ ∣ ∣ ∣ ) ( )å= + +
=

Q
y

n a b
2

2 1 , 11
n

N

n nsca 2
1

2 2

( )[ ( ) (∣ ∣ ∣ ∣ )] ( )å= + + - +
=

Q
y

n a b a b
2

2 1 Re , 12
n

N

n n n nabs 2
1

2 2

∣ ( )( ) ( )∣ ( )å= + - -
=

Q
y

n a b
1

2 1 1 , 13
n

N
n

n nb 2
1

2

and

∣ ( )( )∣ ( )å= + +
=

Q
y

n a b
1

2 1 , 14
n

N

n nf 2
1

2

series are terminated after y+ 4y1/3+ 2 terms In general, there is no simple relationship between the different
scattering efficiencies, but if we assume that the dipolarmodeswithN= 1 dominate the response, we can easily
see that (∣ ∣ ∣ ∣ )= +=Q a bN

ysca
1 6

1
2

1
2

2 , ∣( )∣= -=Q a bN
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1 9
1 1

2
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1
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1

sca
1

Wewill 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 a1− b1= 0 (a1+ b1= 0). This is called the first (second)Kerker condition and is a
useful guide to tailor the differential scattering efficiencies using theMie coefficients.

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

( ) ( ) ( )å r=Q R Q R , 16
i

i iavg,b b

where i is the binning index [42], and similar expression for the ensemble averaged forward scattering efficiency.
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3. Results

3.1.Quasistatic approximation
In this subsection, we discuss the results from the quasistatic approximation of section 2.2which 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 εeff for the Ag@Si (core@shell)nanoparticles are shown in figures 2(A)–(B). The
core size isfixed at 20 nmand the total radius is 30, 35, 40 or 120 nm.ACole-Cole plot [43], i.e. the imaginary
versus the real part of the permittivities is presented infigure 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 (λ< 700 nm), the effective permittivities of the core@shell particles are bracketed by
the permittivity of the bulk core and shellmaterials. At longer wavelengths (λ> 1 μm), 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 largefluctuation 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 (λ= 250 toλ= 1800 nm) of theCole-Cole plots are a different featurewhich describes the
interband transition region of Si (figure 2(C)).

The dipolar plasmon resonance occurs at [ ]e e» - = -Re 2 4.5eff med for vanishingly small size parameter
(equation (4)). This value is denoted by the dashed line infigures 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 nmwhen the shell
thickness increases from10 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 plasmonwill havemore losses, and yet for particles with a

Figure 2. (A)The real part of the effective permittivity εeff from equation (3) for Ag nanoparticles (r = 20 nm) coatedwith Si and a
varying total radiusR. (B)The corresponding imaginary part of εeff. (C)Cole-Cole plots of εeff. The inset depicts the value of [ ]eIm eff at
the frequencywhere [ ]eRe eff is−4.5, in the region [ ]e- < < -8 Re 2eff . The dashed lines in (A) and (C) denote [ ]e = -Re 4.5eff .
(D)The scattering efficiency of a bare 20 nmAgnanoparticle and different total radiusR of Ag@Si nanoparticles calculatedwith the
quasistatic approximation (dotted line) and the fullMie solution (solid line).
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thin shell, the intensity of the surface plasmon is likelymaintained. In the particles with a thick shell, such as
R= 120 nm, the effective permittivity approaches the permittivity of bulk Si and 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@Siwith different total sizes (R= 30, 35,
and 40 nm) are shown infigure 2(D). Similar to the redshift discussed infigure 2(A), themaximumof 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 betweenλ= 700 toλ= 800 nm. Thus the electrostatic approximation
cannot predict the position of resonances accurately comparedwith result fromLM theorywhich are discussed
in the next section.

3.2. Results fromLorenz-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
fromLM theory are presented alongside the results from the quasistatic approximation infigure 2(D). The
dipolar scatteringmode predicted by the quasistatic approximation is consistently blueshifted from the full LM
theory. The quasistatic approximation includes only the dipolarmode and overestimates its energy.

Next, the absorption and scattering efficiencies of the Ag@Si nanoparticles calculated fromLM theory are
discussed for core radiusfixed at 20 nmand total radius up to 180 nm. The efficiencies display a richmulti-
modal behavior infigures 3(A) and (B). The dominant low-energyMie resonances are indicated on the plots.
Themaxima of the efficiencies shift to longer wavelengths as the dielectric shell is initially added. The unequal
shifting of the dipolar electric andmagneticmodes arises from the nature of the resonances. The dipolar electric
mode is a plasmonicmode that is present in the bare Ag andAg@Si particles with a thin shell discussed in the
previous section. This plasmonic resonance shifts to longer wavelengths becausem2, the relative refractive index
of the shell andmedium, 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 dipolarmagneticmode arises only once the semiconductor shell has been added and continues to shift
unabated.

The origins of the resonances are validated by theMie coefficients of a bare Ag particle (r= 20 nm)where the
electricmodes are farmore pronounced than themagneticmodes. The contribution from themagnetic dipole
mode greatly increases as the Si shell is added indicating that b1 is a dielectricmagneticmode originating from
the Si shell.While themetallic core is expected to have some influence on the dielectricmodes originating in the
shell, the core is small and therewere no significant changes of theMie coefficients of the bare Si particles in this
range.With increasing shell thickness, themagnitude of the quadrupole electricmode (a2) intensifies and is
indicated infigure 3(A). Themetallic core is responsible for thismode.

Due to the different nature of the resonances, themodes approach each other as the particle dimensions are
adjusted. Initially the electric dipolemode associatedwith the Ag core redshifts rapidly up to about 0.75 μmwith
an increase in the Si shell thickness and then the rate of the redshift diminishes with further increase in the shell
thickness. On the other hand, themagneticMiemode associatedwith the Si shell continues to redshift linearly
with an increase in the shell thickness up to and beyond the point of degeneracy atR= 100 nm. For particles
with a total radius of about 100 nm, the plasmonic electric and dielectricmagnetic dipolemodes are degenerate
in energy and there occurs a strong overlap of themodes.

Figure 3. (A)The absorption efficiency, and (B) the total scattering efficiency as a function of the total radiusR andwavelengthλ for
Ag@Si, where the core radius isfixed at r = 20 nm and the total radius varies from20 to 180 nm. The particles are embedded in a
mediumwith a refractive index of nmed = 1.5. DominantMie resonances are indicated by red letters in both panels.
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In particular, this degeneracy strengthens the scattering response of the core@shell particle in theNIR. For
particles with the thickest dielectric shell, the higher orderMie coefficients also contribute to the scattering
efficiency (figure 3(B)). By contrast, themagnitude of absorption efficiency decreases as the higher-ordermodes
from the shell are excited (figure 3(A)).

It is 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 oxidationwould reduce the effective relative refractive index of
the shell to themedium,m2. In addition, partial oxidationwould decrease the thickness of the Si layer. Both
decreasing the shell thickness and the dielectric environment of the core are expected to blueshift theMie
resonances and reduce theirmagnitude. The effect of oxidation has already been discussed in the case of
semiconductor@oxide andmetal@oxide particles in [9, 16]. Therefore, to avoid any undesirable diminished
efficiency and shifting of themodes, oxidation of the Si shell should be keptminimal.

The synthesis of Au@Si nanoparticles embedded in silicamatrix has reported using Au and SiO2 atombeam
co-sputtering and subsequent annealing [44]. It has been reported that by increasing the Si content in the shell,
the LSPRpeaks redshift and intensify. The experimental observations on smallmetal@semiconductor particles
(diameter less than 4.6 nm) are in agreementwith the computational results discussed herein. Further,
computationalmethods 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 ofmetal@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 comparedwith thewavelength
[48]. Backscattering enhancement has been observed in laboratory-controlled optical experiments [49, 50],
where a sharp peak offinite angular width is exhibited in backscattering from a randomdistribution 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 theNIR, it is of interest to understand
the directional properties of the scatteredfield.Directional scattering can be useful for thermalNIR sensor
applications to control heating ormaterial degradation from radiation effects. The directional properties are
conveniently analyzed using theKerker conditions [54]; formore details see, e.g., [55–57]. As discussed in
section 2.3, the backscattered radiation from a sphere is predicted to be zerowhen the electric (a1) andmagnetic
(b1) dipole coefficients coincide (a1= b1) and other higher-ordermodes are negligible as per the first Kerker
condition [58, 59].

This prediction is confirmed in the differential scattering efficiencies of Ag@Siwith a core radius r= 20 nm
that are presented infigure 4(A) for the backscattering and infigure 4(B) for the forward scattering directions.
The backscattering efficiency vanishes for particle with a total radius of 120 nm coincidingwith the degeneracy
of the plasmonic electric and dielectricmagneticmodes. The real and imaginary parts of thefirst twoMie
coefficients a1 and b1 for particle with a total radius of 120 nmare shown infigure 4(C). The degeneracy is
confirmed by an explicit inspection of theMie coefficients. The dashed vertical lines infigures 4(C) and (D) at
944, 770, and 600 nm indicate where the contributions of the real parts from the dipolar electric andmagnetic
coefficients are equal. Themost interesting case is that of wavelengthλ= 944 nm,where the imaginary parts of
a1 and b1 are also identical down to two decimal points, and thus thefirst Kerker condition (a1− b1≈ 0) is
satisfied almost exactly. This indicates that interference between the scattered field from the plasmonic electric
and dielectricmagneticmodes is destructive in the backward direction. The total scattering is strong and
forward scattering dominates.We note that due to the highermodes (included infigure 4(D)) the backscattering
would never identically vanish even if theKerker conditionwere precisely satisfied. This ismost evident at
λ= 600 nm,where theKerker condition for dipolarmodes is approximately true but the backscattering
efficiency is actually very large.

It is 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 secondKerker condition, we have focused on the
second indicatedwavelength, atλ= 770 nm. As seen infigure 4(C) the real parts of a1 and b1 are equal while

( ) ( )= -a bIm Im1 1 . Thismismatch of phases is suggestive of the secondKerker condition of dipolar order
(a1+ b1= 0) but it requires the real component to be zero.Nevertheless, it is noteworthy that there is a broad
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spectral range inwhich themodes 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 exactmode composition. This comes from the overlap of the dielectricmagneticmode (b1) and
the electricmode (a1)which satisfies thefirst Kerker condition. For practical applications, thewavelength of the
forward-directed scatteringwith zero backscattering can bemanipulated by changing thematerials.

To check the optical properties under realistic experimental conditions, we examined how the scattering
efficiency of the particle satisfying theKerker 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,Ravg, of 120 nmand
standard deviationsσ= 5, 10, or 30 nmwere calculated. The backward and forward scattering efficiencies,
Qavg,b andQavg,f, infigures 5(B)–(C) show that the backscattering efficiency remains zero in polydisperse
samples withσ 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 fromparticles which do not
satisfy the Kerker condition.Wenote that 95.5%of the particles are between 100 and 140 nm in the distribution
withRavg= 120 nmand standard deviation of 10 nm.A particle with a radius of 140 nm is 17% larger by radius

Figure 4.The differential scattering efficiencies for backscattering (A) and forward scattering (B) for Ag@Si with core radiusfixed at
20 nm. (C)The dipolar electric (a1) andmagnetic (b1) contributions to the scattering efficiency for the particle with a total radius of
R = 120 nm (indicated in (A) and (B) by a red line). (D)The forward (red line) and backward (black line) scattering efficiencies for the
particle with a total radius ofR = 120 nm.

Figure 5. (A)The size distributions of Ag@Si particles with normal distributionswith average total particle radius of eitherRavg = 120
or 125 nm and standard deviationsσ = 5, 10, or 30 nm. (B)The backward and (C) forward scattering efficiencies of an ensemble of
particles with the size distribution in (A).
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than themean 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 (Ravg= 125 nm).
Interestingly, in the case ofRavg= 125 nmandσ= 5 nm the backscattering efficiency (figure 5B) has two
minima betweenwavelengths 850 and 1050 nm.

Increasing the core radius will also redshift thewavelength of the zero backscattering as the intersection of
the electric andmagneticmodes occur for a thicker Si shell. For example, thewavelength of the zero
backscattering efficiency atλ= 944 nm for the r= 20 nmparticle shifts toλ= 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 othermaterials
Finally, we examine the effects of (a) changing the shellmaterial to another low bandgap semiconductor, Ge,
which has a bandgap of 0.66 eV, and, (b) the corematerial 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.

Infigure 6, we show the total scattering efficiencies for Ag@Ge, Al@Si andAu@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 thatweakenQsca. Similar to the Ag@Si, the Ag@Ge particle has
amagnetic dipolemode that interferes with the electricmode to satisfy thefirst Kerker condition for
characteristic particle dimensions. However, themagnetic dielectric and plasmonic electric dipolemodes for
Ag@Ge are degenerate atλ= 1080 nm for a particle with a total radius about 100 nm (figure 6(A)). In contrast,
thesemodes are degenerate atλ= 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 confirmedwhen the corematerial is changed to either Al or Au. The
a1mode 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,m2, is greater than one. Yet the a1mode in each of the bare Al, Au, andAg 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 theMie resonances associatedwith the core and the shell strongly
enhances scattering. Themagnetic and electric dipolar resonancesmerge at λ= 1080 nm,λ= 680 nm and
λ= 940 nm for Ag@Ge, Al@Si andAu@Si particles with a total radius of 115 nm, 85 nm and 120 nm,
respectively. The particles with a Ag or Au coremerge in theNIR, but themerger for the Al core occurs in the
visible region. Figure 6(D) shows the scattering efficiency of themetallic core covered with dielectric shell
(Ag@SiO2). The stark difference between the oxide and the semiconductor coating clearly illustrates the
importance of semiconductor shells and theirmagneticmodewhich is required to satisfy the Kerker
condition in these configurations.

Figure 6.The total scattering efficiency as a function of the total radiusR andwavelengthλ. Here the core radius isfixed at r = 20 nm
and the total radius varies from20 to 180 nm for (A)Ag@Ge, (B)Al@Si, (C)Au@Si, and (D)Ag@SiO2 nanoparticles. The particles are
embedded in a hostmediumwith a refractive index of nmed = 1.5.
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4. Conclusions

The core@shell particles here display a rich variety of electric andmagneticMie resonances that produce
significant changes in the absorption and scattering properties.We have proposed a designwith
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 andmaterial 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 ofmetal@semiconductor (Ag@Si, Ag@Ge, Al@Si andAu@Si) spherical nanoparticles of total
radii 20–180 nmwith a focus on the influence of a layer 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 corewith an optimized dimension in this arrangement yields increased
absorption efficiency in the visible and infrared (IR) rangewhile the absorption efficiency peaks of a bare Si of the
same dimension are observed at wavelengths in the ultraviolet (UV) range. The LSPRs associatedwith the Ag
core redshift and aremodulated as the encapsulating dielectric environment changes from the non-absorbing
hostmedium to the increasing thickness of the high-permittivity semiconducting Si shell. Although the
resonancesmight be thought of as arising from either the core (such as the plasmonic dipolar electricmode) or
the shell (such as the dielectric dipolarmagneticmode), this simplistic description does not quite illustrate the
intricate interplay between the resonances that occurwithin the core@shell particle. Our results show that the
scatteringmodes characteristic of a core@shell particle are a complex amalgamation of the particle dimensions,
core and shellmaterials, and its environment.

TheAg@Si particles with a 20 nm core and a total radius 120 nm exhibit degenerate dipolar electric and
magneticMie resonances with zero backscattering efficiency atλ= 944 nmas a result of satisfying the first
Kerker condition. Similarminimization of the backscattering is also observed for Ag@Ge, Al@Si andAu@Si
nanoparticles. Particles with a core radius of 20 nmand a total radii of 120, 75 and 100 nm satisfy this condition
for Au@Si, Al@Si andAg@Ge particles atλ= 950,λ= 650 andλ= 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, theAg@Si particles have a broad spectral range between 770 and
900 nmwhere in there occursminimal forward scattering.

The analysis of the complex electromagnetic interaction triggered by the electric plasmonicmodes of the
silver core and themagneticmodes created in the high-dielectric layermakes ourwork particularly interesting
for applications. It gives both physical intuition into themanner thesemodes affect each otherʼs spectral shifts
and recipes how to engineer core–shell objects with optimally responding structure, in particular towards
enhanced orminimized 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 extensionwould 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 shapemodification 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 numericalmethods such as the surface-integral-equationmethods [63].
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