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Abstract: We computationally study the electromagnetic response of semiconductor micro and
nanoinclusions for realizing highly reflective, plasmonically enhanced coatings in the visible and
infrared regime. We first examine the influence of oxide coatings on the Mie resonances of
microparticles of low-bandgap semiconductors (Si and Ge) in the near-IR regime. We then study
the influence of a semiconducting core on the localized surface plasmon resonances of Si@Ag and
Ge@Ag core@shell nanoparticles. Our results show a strong interaction between the resonances of the
plasmonic Ag shell and the semiconducting core material which allows tuning of the electromagnetic
response for near-IR applications.

Keywords: Core@Shell; plasmon; Mie theory; hybridization model

1. Introduction

Metal nanoparticles exhibit collective oscillations of surface conduction electrons in an incident
electromagnetic field. The localized surface plasmon resonances (LSPRs) of metallic systems have
garnered widespread attention given their high free carrier concentration, typically on the order of
1022 cm�3 [1]. The wavelength of the LSPR depends on the material, size, shape of nanoparticles and
its surroundings. The LSPR properties of silver nanoparticles are exploited in applications such as
surface-enhanced Raman scattering [2], optical fiber biosensors [3], and sensing platforms [4]. Yet,
metals suffer losses in the visible and near-IR regimes [5].

Recently, doped conventional semiconductors such as silicon and germanium have been explored
as candidates to supplement classical metals for plasmonics and nanophotonic applications in
the near-IR [1,6,7]. Dopants change the electronic structure and influence the free charge carrier
concentration by creating energy levels in the bandgap [8]. The minimum carrier concentration
to obtain metal-like optical properties in the near-IR for semiconductors, such as silicon, is about
1021 cm�3 [9].

Composites containing undoped low bandgap semiconductor microinclusions have been shown
to strongly reflect IR even at small volume fractions [10]. Further, reflectance of up to 90% were
observed at specific wavelengths [11] and the composites could act as thermal insulators or to improve
the absorption of ultra-thin solar cells in the near-IR [12]. Conventional metallic plasmonic particles in
contact with an absorbing semiconductor material such as Si has been proposed to enhance broadband
absorption enhancements in solar cells [13]. The interaction of nanoparticles with light is well described
by the Lorentz-Mie theory, and the scattering of a core@shell particle has an analytical solution [14].
In general, the scattered field is a superposition of normal modes, each weighted by the appropriate
coefficients (an or bn) [15,16]. The material properties of the particle are described by the complex
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dielectric function. The free electrons within metals, such as silver, can be approximated as a gas of
noninteracting electrons using the classical Drude free electron model. The Drude model is a classical
theory that does not include any quantum effects and it ignores long-range interactions between
electrons and ions, and yet it provides accurate qualitative information [17].

The LSPR of particles containing a metallic shell yields a splitting of the LSPR into a symmetric
or “bonding” and an antisymmetric or “antibonding” plasmon [18]. The thickness of a metallic shell
controls the interaction between the sphere and cavity plasmons. Adding a dielectric material to
plasmonic structures creates another way to control the redshift or blueshift of magnetic and electric
modes and optimize their scattering efficiency [19,20]. Introducing a high refractive index oxide core
redshifts the symmetric dipole surface plasmon resonance mode of a hollow metal shell [21]. In this
work, we study the behavior of these modes by adding a high refractive index semiconductor core to
plasmonic nanoparticles in a core@shell system. Additional resonances generated by the semiconductor
core supplement and interact with those of a bare or hollow metallic particle. The participation from
an active core expands the tunability of the electromagnetic response beyond that of classical metals.

In this paper, we focus on the influence of semiconductor core on a silver shell in nano and micron
size spherical core@shell particles in an external electromagnetic field. The dielectric response of
these nanoparticles will be calculated using Mie theory and polarizability equations. We first consider
core@shell particles with Si as the core material, coated with oxide dielectrics such as TiO2, SiO2, or
ZrO2. After this, we consider semiconductors as the active core coated with a metallic layer. As a
reference, we use the case of hollow Ag nanoparticles which can be treated with the Drude theory and
the hybridization model.

2. Materials and Methods

2.1. Mie Theory for Core@Shell Particles

We consider a sphere of inner radius r which is coated with a layer of uniform thickness R� r as
shown schematically in Figure 1. An analytical solution to Maxwell’s equations yields the dielectric
response of the core@shell particle in an external electromagnetic field in the form of the electric
and magnetic Mie coefficients an and bn, respectively [14]. If the permeability of the particle and the
surrounding medium are assumed to be equal, then the Mie coefficients for a core@shell sphere are
given by

an =
yn(y) [y0n(m2y)� Anc0n(m2y)]�m2y0n(y) [yn(m2y)� Ancn(m2y)]

xn(y) [y0n(m2y)� Anc0n(m2y)]�m2x 0n(y) [yn(m2y)� Ancn(m2y)]
; (1)

bn =
m2yn(y) [y0n(m2y)� Bnc0n(m2y)]� y0n(y) [yn(m2y)� Bncn(m2y)]

m2xn(y) [y0n(m2y)� Bnc0n(m2y)]� x 0n(y) [yn(m2y)� Bncn(m2y)]
, (2)

where

An =
m2yn(m2x)y0n(m1x)�m1y0n(m2x)yn(m1x)

m2cn(m2x)y0n(m1x)�m1c0n(m2x)yn(m1x)
, (3)

and

Bn =
m2yn(m1x)y0n(m2x)�m1yn(m2x)y0n(m1x)

m2c0n(m2x)yn(m1x)�m1y0n(m1x)cn(m2x)
, (4)

and yn(x) and xn(x) are Riccati-Bessel functions [15]. The size parameters are given by x = 2pnmr/l

and y = 2pnmR/l. m1 and m2 are the refractive indices of the core and coating relative to the
surrounding medium (nm). The order of the dielectric resonance is represented by n, where the dipole
is n = 1, the quadrupole is n = 2, the octupole n = 3, and so on. The efficiency of scattering, extinction
and absorption [15] can be calculated as

Qsca =
2
y2

N

å
n=1

(2n + 1)(janj2 + jbnj2); (5)
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Qext =
2
y2

N

å
n=1

(2n + 1)Refan + bng, (6)

and
Qabs = Qext �Qsca. (7)

Figure 1. A schematic of the core@shell particles with outer radius R considered in this work.
The sphere has an inner core radius r with permittivity #1. It is coated with a homogeneous layer of
uniform thickness R� r and permittivity #2. The permittivity of the medium is #m.

2.2. Polarizability of Core@Shell Shapes

The emergence of LSPRs in metallic nanoparticles can be well approximated by the static
polarizability of such objects in an external electric field. The quasistatic polarizability of a
homogeneous sphere (#1) coated with a shell (#2) in a dielectric medium (#m) is given by [15]

a = V
(#2 � #m)(#1 + 2#2) + f (#1 � #2)(#m + 2#2)

(#2 + 2#m)(#1 + 2#2) + f (2#2 � 2#m)(#1 � #2)
, (8)

where f is the fraction of the total particle volume occupied by the core. The resonance condition
for a hollow sphere in vacuum (#1 = #m = 1) can be obtained by minimizing the denominator of
Equation (8). Then there are two roots to Equation (8) given by

#2� =
�(5 + 4 f )� 3

p
1 + 8 f

4� 4 f
. (9)

These roots are known as the symmetric (#2�) and antisymmetric (#2+) modes [15]. If f
is small the symmetric and the antisymmetric resonances are approximately at #2� = �2 and
#2+ = �1/2, respectively.

The computer codes used are available upon request.

3. Results and Discussion

In this section, we will examine the influence of a semiconductor core on the plasmon
hybridization of a Ag shell. First as a reference, in Section 3.1 we calculate the near-IR (l = 1
to 5 �m) behavior of spherical Si particles different oxides (SiO2, TiO2, and ZrO2) with a refractive
index of the medium equal to 1.5. The core radius is fixed at 0.6 �m and the total radius grows from 0.6
to 1.1 �m. Then in Section 3.2, we show how a semiconductor core (Si, Ge) influences the symmetric
and antisymmetric modes of a metallic coating. The core radius is fixed at 30 nm and the total particle
radius is varied from 30 to 70 nm. As a reference, the simple case of a hollow Ag spherical shell with a
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total radius of 20 nm is considered in the visible to near-IR region (l = 0.3 to 1.8 �m). The medium
has a constant refractive index of either 1.5 or 2.4 to represent either a silica or titanium dioxide matrix.
The plasmon hybridization model is briefly introduced to qualitatively explain the hybridized modes.

Apart from the shell permittivity, the permittivities of the core and medium play an important
role in determining the optical response of the core@shell system. Their strong effects on the plasmon
modes are demonstrated below.

3.1. Semiconductor@Oxide Microparticles

For near-IR applications, i.e., l = 1 to 5 �m, we consider spherical semiconductor microparticles
coated with a dielectric shell and surrounded by a non-absorbing insulating medium with constant
refractive index of 1.5. The core material is a low band gap semiconductor, either Si (bandgap 1.11 eV
at T = 300 K) or Ge (bandgap 0.66 eV at T = 300 K) [22]. The particles are coated with either SiO2,
TiO2, or ZrO2. The shell is chosen to be low-k or high-k materials and their refractive indices vary from
approximately 1 to 2.6 in the given regime. The bulk complex indices of refraction were obtained from
Palik [23] or Wood [24]. The refractive indices of birefringent TiO2 are averaged over the ordinary and
the extraordinary directions. To represent IR grade fused SiO2, the extinction coefficient of SiO2 is
assumed to be zero below 3.5 �m. The extinction coefficient of ZrO2 was assumed to be zero.

The extinction efficiency data Qext of a Si particle coated with an oxide (TiO2, ZrO2, or SiO2) in the
near-IR regime are presented in Figure 2A–C, respectively. The core radius is fixed at 0.6 �m and the
total particle radius, given along the y axis, increases up to 1.1 �m. The intensity of blue color indicates
the magnitude of Qext and the maximum values, corresponding to the Mie resonances, are dark blue.
The panels within Figure 2 illustrate the effect of different shell materials on the extinction efficiency.
As the oxide is added, the magnitude and wavelength of the maximum intensity changes. Figure 2A,B
show that the Mie resonances of Si@TiO2 and Si@ZrO2 redshift with increasing total particle size.
By comparison, the resonances of SiO2 coated particles in Figure 2C do not shift. The shifting is due to
the relative refractive index of the shell to the medium, m2. The resonances of the particle coated with
SiO2 do not shift because m2 is approximately equal to unity and the Mie coefficients of the coated
sphere reduce to those for a sphere of radius r and relative refractive index of the core m1 [15]. For the
TiO2 and ZrO2 coated particles m2 > 1 and the resonances redshift with increasing shell thickness. For
example, the resonance at 3.06 �m in the bare Si particle shifts to 3.25 �m and 3.37 �m when coated
with a 0.2 �m layer of ZrO2 and TiO2, respectively.

Figure 2. Qext for core@shell semiconductor particles as a function of the total size and the incident
wavelength l: (A) Si@TiO2, (B) Si@ZrO2 and (C) Si@SiO2. All particles are embedded in a medium
with a refractive index of 1.5 and the core size is kept fixed at 0.6 �m.

3.2. Semiconductor@Metallic Nanoparticles

In this subsection, we consider nanoparticles with a silver shell and a semiconductor (Si or Ge)
core. The resonances of semiconductor@metallic particles will be contrasted to those of a hollow silver
shell. The plasmon modes from the silver shell are influenced by the particle dimensions and the
permittivity of the surrounding core and the medium. In addition, there are additional contributions
from the semiconductor core which interacts with the plasmon modes hybridized by the silver shell.
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Confinement of a metal into different shapes produces modes which can be described as
hybridized plasmons. A hollow metallic nanoshell is a well-known example of the plasmon
hybridization model [18,25]. As an example, we consider a vacuum@silver particle with a total
particle radius of R = 20 nm, core radius r = 16 nm and the refractive index of the surrounding
medium is 1. The complex refractive index for bulk silver was obtained from experimental data from
Johnson and Christy [26]. The scattering efficiency has a global maximum in Qsca at l = 458 nm as
seen in the black line in Figure 3A. Additionally, there are local maxima at 390 and 325 nm. The peaks
of Qsca correspond to maxima in the Mie coefficients, a1 and a2, and are indicated by vertical arrows.

Figure 3. (A) The scattering efficiency for a hollow R = 20 nm vacuum@silver particle with core radius
r = 16 nm (black line), and the Mie coefficients ja1j (red), ja2j (blue), and jb1j (orange). (B) The absolute
value of the polarizability for two different core sizes of hollow vacuum@silver particles. The y axes of
both plots are in logarithmic scale and the refractive index of the surrounding medium is 1.

The LSPR hybridization in a metallic shell can be described by the interaction between the inner
and outer shell resonances. The resonance frequencies for LSPRs of a core@shell nanoparticle in the
hybridization model are given by

w2
l� =

w2
p

2

"
1� 1

2l + 1

r
1 + 4l(l + 1)

� r
R

�2l+1
#

, (10)

where wp is the surface plasmon energy, for l = 1, 2, 3... [18]. The wl+ and wl� modes correspond to
the antisymmetric and symmetric modes, respectively.

Increasing the core size changes the strength of the interaction by decreasing the distance between
the inner and outer surfaces of the shell. Figure 3B illustrates the absolute value of the polarizability for
two core radii and a fixed total radius of 15 nm. In the small core, r = 9 nm, the broad symmetric mode
appears at # = �3.45 and in the larger core, r = 12 nm, it appears at # = �7.08. Because the permittivity
of Ag is a decreasing function of l, it is redshifted with increasing hollow core. The antisymmetric
modes are weaker and narrower than the symmetric one [27]. A minimum of # = �1/2 is known as
the Fröhlich mode and is indicated by a dashed line in Figure 3B. This mode can be obtained from the
polarizability of the nanovoid and is independent of the core size.

Next, the extinction efficiencies are calculated for a sphere with a fixed core radius of 30 nm and
Ag shell thickness up to 40 nm. The refractive index of the surrounding medium is 1.5 in Figure 4A–C
and 2.4 in Figure 4E–G. The hollow Ag shell, #1 = 1, is given in panels A and D. The core material is Si
in panels B and E and Ge in panels C and F. The Qext of core@shell particles with an inner radius of
30 nm and outer radii of either 35 nm or 45 nm are explicitly given in Figure 5 and are indicated by the
horizontal dotted lines in Figure 4.
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For a fixed core radius as considered here, the ratio of the radii r/R is reduced by increasing
the total radius. According to Equation (10) the symmetric modes (at higher wavelengths) blueshift
and the antisymmetric modes redshift with decreasing r/R. This situation is in contrast to bare silver
particles which have no hybridization and redshift with increasing size. Thus in panel A of Figure 4 the
plasmon modes blueshift when the total particle radius increases from R = 35 to R = 45 nm. The same
shift is represented in panel A of Figure 5. For example, the dipolar symmetric mode broadens and
shifts from l = 694 to l = 563 nm and its magnitude diminishes when the total particle radius
increases from R = 35 to R = 45 nm. In addition, the antisymmetric modes have a slight redshift
although they are not visible in this panel because their magnitudes are negligible. Rather this effect
can be observed in terms of the polarizability as a function of permittivity in Figure 3B.

The effect of the core material on the plasmon hybridization of the Ag shell and optical properties
of the nanoparticles is observed by comparing the rows in Figure 4 and for the specific dimensions
in Figure 5. For both the Si and Ge core, the magnitudes of the antisymmetric modes have increased
such that the modes are visible in contrast to the hollow Ag particle discussed above. The antisymmetric
modes redshift and broaden for increasing total particle size. For a given size, the antisymmetric modes
of Ge@Ag are redshifted from those of Si@Ag (cf. Figure 4B,C). For example, when R = 45 nm the
dipolar electric mode occurs as part of a composite mode at l = 389 nm in Ge@Ag and at l = 383 nm
in Si@Ag. The permittivity of Si and of Ge at these wavelengths is e1 ’ 14.01 and e1 ’ 21.73,
respectively, and thus increasing the permittivity of the core redshifts the mode. Similar shifts are
observed in the symmetric modes. For example, the dipolar mode for R = 45 nm (black lines) occurs
at l = 740 nm and l = 858 nm for Si@Ag and Ge@Ag in panels B and C of Figure 5, respectively.

The core permittivity driven shifts of the hybridized plasmon modes of the silver shell can
be analyzed using an expansion of Mie coefficients [28] and the plasmon hybridization model [29].
Previously, it has been shown for small core@shell particles with thick shells that when the core
permittivity (e1) is larger than 4 the plasmon resonance conditions are [28]

e+ = �2 + 6
e1 + 2
e1 � 4

f ; e� = � e1

2
� 3

2
e1

e1 + 2
e1 � 4

f . (11)

The symmetric and the antisymmetric modes of the silver shell redshift with an increasing
core permittivity.

In addition, the influence of the core permittivity can be explained using the hybridization model
in which the symmetric and antisymmetric modes are the result of the interaction between the cavity,
wC, and sphere plasmons, wS [30]. The strength of the hybridization depends on the difference in their

energies, which are given by wC(#1, # J) = wp

s
l + 1

l#1 + (l + 1)# J
and wS(#m, # J) = wp

s
l

(l + 1)#m + l# J

and where eJ is the background permittivity of the shell [29]. In this case, the effects of background
permittivity are neglected such that # J = 1. The energy of the cavity plasmon decreases for larger core
permittivity. Thus, as the core changes from Si to Ge in Figure 4B,C, the antisymmetric and symmetric
modes redshift due to the weakened hybridization interaction.

There is a large impact on the position and width of both the symmetric and antisymmetric modes
in different media. Comparing the left and right columns of Figure 4 shows the effect of increasing the
permittivity of the medium. For example, the symmetric mode of Si@Ag at R = 45 nm (black lines)
shifts from l = 741 nm to l = 930 nm between panels B and E of Figure 5. Similarly, the antisymmetric
mode shifts although to a lesser extent (from l = 407 nm to l = 471 nm when the refractive index
of the medium is changed from 1.5 to 2.4). The redshift is also observed for the other core materials
in panels A,D and C,F. When the permittivity of the medium increases the cavity plasmon energy
does not change, but the spherical plasmon, wS(#m), is shifted to lower energies. Consequently, the
antisymmetric and symmetric modes are more separated energetically when the refractive index of the
medium is 2.4.
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The resonances from the semiconductor core participate in the response of the core@shell particle
and are revealed in Figures 4 and 5. The Mie coefficients of the two Si@Ag particles in Figure 5E are
provided in Figure 6. The energies and intensities of the symmetric and antisymmetric plasmons
are captured by the first three electric modes described above. In addition, the antisymmetric mode
is enhanced by the dipolar magnetic contribution from Si (c.f. Figure 5E, red curve and Figure 6A).
The enhancement is lost in the larger particle as the near degeneracy is lifted (c.f. Figure 5E, black
curve and Figure 6B). While the antisymmetric electric modes redshift with increasing the total particle
radius, the real part of b1 blueshifts from l = 393 nm to l = 383 nm. The resonances from the core are
influenced by the surrounding shell and medium.

Figure 4. The extinction efficiencies as a function of the total radius R and wavelength l for different
core materials and an identical shell material (Ag). The core radius is fixed at r = 30 nm and total radius
varies from 30 to 70 nm. In panels (A–C) the particles are embedded in a medium with a refractive of
1.5 and the core material is (A) vacuum, (B) Si, and (C) Ge. In panels (D–F) the particles are embedded
in a medium with a refractive index of 2.4 and the core material is (D) vacuum, (E) Si, and (F) Ge.
The intensity of the blue color represents the magnitude of Qext as indicated in the side bar.
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Figure 5. Qext for particles with a core radius of r = 30 nm and having two specific dimensions
R = 35 nm and R = 45 nm which are marked by dotted lines in Figure 4. The particles are embedded
in a medium with a refractive index of (A–C) 1.5 or (D–F) 2.4. The core materials are (A,D) vacuum,
(B,E) Si, and (C,F) Ge.
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Figure 6. The real part of the Mie coefficients a1, a2, a3, and b1 for Si@Ag nanoparticles with a core
radius of r = 30 nm and total radius of (A) R = 35, (B) R = 45 nm. The particles are embedded in a
medium with a refractive index of 2.4.

4. Conclusions

We have studied the extinction efficiencies from spherical particles with a semiconductor (Si or
Ge) core and an Ag shell in the visible and near-IR using Mie theory. The semiconductor core both
influences the dielectric environment of the hybridized plasmons of the metallic shell and produces
Mie resonances. There are marked changes to the optical properties of a hollow Ag particle such as a
shifting of the plasmon energies and a magnification of the antisymmetric plasmon. These effects were
explained using the plasmon hybridization model and an expansion of the Mie coefficients.

In the semiconductor@metal particles considered, the multipole plasmonic modes redshifted
when either the core or the medium permittivity was increased. The changes were rationalized
according to the shift in the cavity and sphere plasmon within the plasmon hybridization model.
In addition, the symmetric and antisymmetric plasmon energies diverge in thin shells. The scattering
of semiconductor@metallic particles is determined by its complex permittivity and geometry. Further,
the interaction of the incident electromagnetic radiation with the semiconductor in the core produces
Mie resonances which are influenced by its surroundings. Adding an active core within a metallic
particle offers new tunability and extends their capability to realize highly reflective, plasmonically
enhanced coatings in the visible and infrared regime.
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