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ABSTRACT

Metal nanostructures create near-field super hotspots under light irradiation with a range limited to a few nanometers. The intense field
in the spot affords enhanced nonlinear optical processes, such as Raman spectroscopy. The intense field, however, can cause heavy dis-
tortion and thermal damage to the molecular specimen as well as heavy convolution with the metal electronic structure. In this work, we
simulate concentric layered silicon-metal core-shell (and its inverse) nanostructures that may alleviate the disadvantages of the pure metal
environment. Our results using Mie and finite-difference time-domain scattering studies show that, in addition to the super hotspot at the
gold-silicon interface, there emerges a super hotspot at the silicon-vacuum interface, whose intensities anti-correlate and are tuned by tuning
the silicon thickness. Moreover, the plasmonic resonance red shifts with the thickness of the silicon shell, reaching a terminal wavelength
of ~840 nm. These features are understood in terms of induced polarization charge at the silicon-metal and silicon-vacuum interfaces,
which for high x materials (13.32) can be significant. The metal-silicon system creates plasmon-polarizmon hotspots tunable in strength and
wavelength content that can be designed to alleviate high field damage, useful for Raman scattering and photovoltaic applications. The inte-
grated metal-silicon system also promises field enhancement of visible luminescence of silicon nanoparticles, useful for imaging and tracking
applications.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0077841
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. INTRODUCTION

Surface enhanced Raman scattering (SERS)"” provides
increases in scattering cross sections of an external light (laser light,
for example) by sample molecules of several orders of magnitude
when the molecules are placed within atomic distances from sharp
nanoscale metal structures. The process affords enhanced sensitivity
of vibration fingerprint recognition by the otherwise highly weak
Raman spectroscopy. The enhanced scattering/sensitivity arises
from the ability of metal nanostructures to focus the incident

light of certain wavelengths (in the visible for gold) to a small
spatial nanoregion (hotspot) within a few nanometers from the
metal nanostructures.” The focusing stems from resonance excita-
tion/emission by oscillations of “free” electrons in the conduction
band of the nanometal. In the hotspot, a molecule will be subjected
to a much stronger electric field than that of the incident field.
The Raman response becomes highly enhanced as the process has
a quartic (fourth power E*) dependence on the light field.”” The
enhanced process, however, includes some major disadvantages. For
instance, absorption and dissipation processes in metals can lead to
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the release of heat (plasmonic heat) due to charge motion, which
can alter or decompose the molecular sample causing unwanted
modifications.” '’

In recent years, nano-structured dielectrics and semicon-
ductors have been proposed as non-plasmonic or plasmon-free
alternative materials to metals'' ' to alleviate strong electronic
coupling, nonlinear structural deformations, and thermal damage.
Studies using semiconductor nanoparticles showed an enhancement
in the Raman signal of adsorbed molecules;'"” *' however, it was con-
siderably lower than those for metals, which was attributed to the
inaccessibility of the plasmon resonance. It would be interesting to
examine an intermediate solution that combines good attributes of
a metal and semiconductor in the same system, such as tailoring
a layered metal-dielectric (thin film of Si nanoparticles),lz’l“ that
may soften the enhancement of the Raman scattering to alleviate
strong field effects while keeping a moderate enhancement. More-
over, one needs to examine different designs of material layering to
check if indeed the integration would afford wavelength tunability
and operation in the visible as well as in the near infrared regions.
Moreover, it may be possible to provide an opportunity to use the
plasmonic field to enhance the pumping of nanosolids of lumines-
cent silicon nanoparticles that may increase their brightness. How-
ever, it is not clear if the high conductivity shielding of a metal can be
overcome to attain a strong enough coupling between various metal
and semiconductor layers.

In the simulation studies, we employ Mie scattering
formalism™ *’ as well as three-dimensional finite-difference
time-domain (3D-FDTD)’"’' to calculate the wavelength depen-
dence of near-field electric field distribution and map out the
resonance frequencies over the range from the vacuum UV to the
infrared. We consider specific core-shell architectures in which
synergetic functionalities emerge upon integration of nanometal
and silicon. The studies focus on concentric metal-silicon core-shell
architectures with the metal constituting the core and the shell con-
sisting of closely packed luminescent silicon nanoparticles. We also
examine the inverse core-shell architecture. Studies of the response
of these architectures with a variable silicon and metal thickness to
determine the appropriate design thickness of the various layers to
achieve good coupling to offset the high conductivity shielding of
metal can be done to attain strong enough coupling between metal
and semiconductor layering.

The results show that the gold plasmonic resonance at 500 nm
red shifts monotonically with the thickness of the silicon shell reach-
ing a terminal wavelength of ~840 nm. In addition to the super
hotspot, soft hotspots appear at the silicon-vacuum interface with
an overlap between the hotspots tunable by controlling the thick-
ness of the silicon shell in the inverse core-shell architecture case.
As the metal thickness is decreased from T (~20 nm) > § the skin
depth, the strength of the plasmon resonance drops (but the position
remains pinned at ~500 nm), while a resonance associated with Si
emerges and shifts from 550 to ~1500 nm at T << §, becoming much
stronger than the plasmon resonance at 0.3 nm. At an intermediate
thickness of 5-6 nm, the strength of the hotspots is comparable (with
~80 nm” cross section and reflectivity-transmittivity). The infrared
resonant activity is understood in terms of induced polarization
charge at the silicon-metal and vacuum surface interfaces, which for
high « (13.32) can be significant. The metal-silicon system creates
infrared, tunable, and softer plasmon-polarizmon hotspots, useful
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for Raman scattering. The integrated metal-silicon also promises
field enhancement of visible luminescence of silicon nanoparticles,
useful for imaging and tracking applications.

Il. MIE SCATTERING

In this section, we conducted Mie scattering27 » studies. We
examined individual silicon nanoparticles as well as closely packed
clusters of the particles. The study involves direct analytical solution
of Maxwell’s equations of particles in the presence of electromag-
netic fields E and B using series expansions of the involved fields
into partial waves of different spherical symmetries to model the
interaction of metal-semiconductor nanoparticles with electromag-
netic radiation. We calculated the electromagnetic field Mie scat-
tering for two concentric core-shell structures of metal and silicon,
namely, a gold nanoparticle coated with a thin silicon layer consist-
ing of closely packed silicon nanoparticles, and the inverse structure
in which there is a silicon-core consisting of a cluster of silicon
nanoparticles with a thin gold coating layer. We first studied the
configuration of a gold nanoparticle of radius a with a silicon shell
of thickness b-a coating as shown in Fig. 1. The diameter of the
gold nanoparticle used in those studies is 2a = 7 nm. This is a model
configuration to illustrate and display some characteristics. It repre-
sents closely packed H-terminated particles with each having a Si-H
monolayer termination of 1-A bond length. Hydrophobic forces in
an aqueous environment drive the particles. Hydrophobic forces can
make colloidal crystals with closely packed particles, some of which
would nucleate on the plasmonic structure. The particle distribution
of the nanoparticles is expected to be random but reasonably uni-
form. This provides an interparticle atomic scale gap of 3 A, with a
density of the order 10"*~10" cm?. For a gold nanoparticle of 7-nm
diameter, a total of ~20 particles of 3 nm diameter is expected for a
single monolayer.

The Mie scattering study is for a silicon shell of thickness 0, 1,
1.5, 2, 7, 10, and 15 nm. Gold nanoparticles present in an infinite
silicon medium are equivalent to taking the outer dimension b to
infinity (b — o). Figures 2(a)-2(d) give a subset of the spectra for
silicon thicknesses of 0, 1, 7, and 10 nm. It shows that the gold plas-
monic resonance without a silicon coating at 500 nm gets stronger
and red shifts monotonically with the thickness of the silicon shell
reaching a terminal wavelength of ~840 nm. With no silicon coat-
ing, the scattering cross section is 6 nm” and it grows to 52 nm* for
a silicon thickness of 15 nm. In the limit of infinitely thick coating,
i.e., for an infinite medium, the cross section grows to 350 nm®. At
the same time, the resonance shifts from 500 nm without a silicon
coating to 830 nm for 15-nm thick silicon coating and to 840 nm
for infinitely thick silicon coating. Table I summarizes the results
of more cases of those Mie scattering calculations (gold nanopar-
ticles with 7 nm diameter with a silicon shell of increasing thick-
ness), giving the resonance wavelength A; (nm) as well as the cross
section o; (nm?) at resonance for different thicknesses of the silicon
shell.

We examined gold particles with diameters of 10, 20, 30, and 40
when the silicon thickness is >15 nm. The results are given in Figs.
3(a)-3(d), respectively. The figures show that the spectra do not shift
significantly with size. They shift by ~10% (from ~840 to 930 nm)
with some broadening FWHM from ~50-125 nm over the diameter
range of 10-40 nm, respectively.
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FIG. 1. Configuration of a gold nanoparticle of radius a with a silicon shell of
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TABLE I. Mie scattering of gold nanoparticles of 7 nm diameter with a silicon shell.

Si shell Resonance Resonance cross
thickness t (nm) wavelength A, (nm) section o; (nm?)
0 500 6
1 600 25
2 675 48
4 770 51
7 810 48
10 825 50
15 830 52
0o 840 350

To elucidate the effect of integration, we analyzed the above
case of 7 nm diameter gold core and a silicon shell thickness of 1.5
nm by calculating the plasmon frequency of each constituent sep-
arately. Figures 4(a)-4(c) show the Mie scattering cross section for
the gold sphere, and the silicon shell individually, and the integrated
system, respectively. The gold response in Fig. 4(a) shows an elec-
tric dipole plasmon resonance at 504 nm, magnetic dipole plasmon
resonance at 350 nm, and electric quadrupole plasmon resonance at
208 nm, with cross sections in the ratio of 6:4.2:9.5, respectively. The
resonances are wide enough such that they have some overlap. The
freestanding silicon shell in Fig. 4(b) does not show any resonance
response in this range. The layered integrated response in Fig. 4(c)
shows a number of interesting features. The higher monopole reso-
nances shift somewhat to a longer wavelength but most importantly,
their cross sections are diminished drastically by more than a fac-
tor of 10 and 15, respectively. The electric dipole resonance shifts to

Absorption Il Scattening

Extinction
60.0 nm™2
600 em™) (a)
40.0 nm™2
400 o™
2 00 zen™2 20.0 nm™2
00 =" .
= 30 40 €0 750 850 1000 0.00m"2 .
30.0 nm™2 60.0 o2
(b)
200 om"2 40.0 nm™2
100 zm™2 20.0 zm™2
0.00m"2 0.00 m™2
0 450 600 750 850 1000 3
Wavelength(nm)

FIG. 2. (a)-(d) Mie scattering for a gold

750 850 1000

nanoparticle of 7-nm diameter with a
uniform coating layer consisting of sil-
icon of thickness 0, 1, 7, and 10 nm,
respectively.

750 850 1000
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longer wavelengths by nearly 145 nm from 504 to 648 nm as well
as gets narrower by about a factor of 1/2, while its cross section at
the maximum grows by an order of magnitude from 4 to 40 nm?.
We also examined the stability of the plasmon resonance (position
and width) of a pure spherical gold structure. Figures 4(d) and 4(e)
show the Mie scattering cross section for gold particles (without a
silicon shell) of different diameters. The response for a diameter of
10 nm given in Fig. 4(d) shows an electric dipole plasmon resonance
at 545 nm. Figure 4(e) shows the corresponding gold resonance for
a diameter of 40 nm, showing also an electric dipole plasmon reso-
nance with little shift to ~505 nm or change in width from that for
the 10 nm case.

In addition, we studied the inverse core-shell structure in
which the core consists of a closely packed cluster of silicon nanopar-
ticles, while the shell is a metal coating as shown in Fig. 5. The
thickness of the metal coating is fixed, while the silicon nanoparticle
core is taken with different sizes. We calculated the Mie scattering
spectrum of the electromagnetic field for a thin 1-nm gold layer
(shell). The spectrum generally consists of two resonances at A, and
Ai. Table IT summarizes the results of the calculations for a core with
1,1.67,2.2,2.9,3.7, 5.0, 10, 20, and 25 nm diameters, giving the reso-
nance wavelength A\, (nm) and A; (nm) as well as the corresponding
cross sections oy (nm?) and o; (nm?) for the various diameters of
the silicon core. Figures 6(a)-6(d) show the scattering spectra for a
subset of these cases including 1, 1.67, 10, and 20 nm diameter cores,

Metal
shell
A

FIG. 5. Configuration of the inverse core-shell structure in which a silicon
nanoparticle cluster of radius R constitutes the core and a gold shell.

scitation.org/journal/adv

TABLE II. Mie scattering of a 1 nm thick gold nanoshell with a silicon nanoparticle fill.

Si nanoparticle Resonance wavelength Resonance cross

diameter (nm) Ap> A (nm) section oy, 0; (nm?)
1 (air) 510, none 0.52, none
1 500, 590 0.4, 0.29
1.67 500, 600 0.55,0.94
2.2 500, 610 0.67,1.8
2.9 500, 650 0.85, 4.35
3.7 500, 700 1,7.7

5 500, 760 1.5, 14

7 500, 850 2,28.8
10 500, 900 4,55

15 500, 1150 7,108
20 500, 1300 10, 187
25 500,1440 17,295

respectively. Each spectrum exhibits two resonances. We associate
the higher frequency peak at A, with the plasmonic response, while
the lower frequency peak A; with the Si nanoparticle component.
Note that as the size of the silicon core increases, the corresponding
peak monotonically shifts toward the infrared. At the same time, the
plasmonic resonance remains pinned but gets diminished relative to
that of the silicon core.

The results suggest that for a 1-nm gold thickness, a fraction of
the light is able to penetrate the gold shell into the silicon core. At
high frequencies, such as visible light, the skin depth of gold is a few
nanometers (15-25 nm), significantly smaller than the skin depth at
60 Hz (8.5 mm). To elucidate the role of the thickness of the gold
shell, we conducted studies of the Mie scattering for different gold
thicknesses. Table 111 gives Mie scattering of the Si cluster of a fixed
diameter (7 nm) with a gold shell of varying thickness ranging from
25 nm down to 0.3 nm.

Table III shows that for a thickness >15 nm, there is only the
pure plasmon resonance at 510 nm, indicating that the light is not
penetrating the gold shell (near-full shielding). For thinner shells,
the resonance remains pinned at ~500 nm, while a second induced
resonance at a longer wavelength emerges and keeps shifting reach-
ing ~1400 nm for 0.3 nm. The induced resonance is associated
with the excitation of the silicon core by light penetrating the gold
shell. As to the strength of the resonances, the cross sections of
both resonances drop as the gold thickness is reduced. At a 5-6
nm gold thickness, the cross sections of both resonances become
equal with a cross section of ~80 nm?. For thinner metal shells, the
cross section of the plasmonic resonance drops very fast, becoming
at 0.3 nm an order of magnitude smaller than that of the induced
polarization. Recent calculations showed that for gold the thickness
at which a layer’s reflectivity, R, becomes equal to its transmittiv-
ity, P, with R = P = 0.25 (absorption Q = 0.5) is 1.34 nm.*” For
thin enough metal, the layer would break into isolated “islands.”
When they are still close to each other, the local field due to the
formation of plasmons can get enhanced by orders of magnitude
and the closely packed islands may induce tunneling transitions and
discharges, i.e., strongly nonlinear effects that may result in high har-
monics generation. The process would exhibit some nonlinearity.
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These features are expected to commence in layers slightly thinner
than 1-2 nm.

Since the gold thickness is significantly less than the skin depth,
the Faraday cage shielding effect will not be complete, and we expect
a sizable fraction of the incident light to travel into the silicon core

TABLE lIl. Mie scattering of a 7 nm diameter Si cluster with a varying gold shell.

Au shell Resonance wavelength Resonance cross

thickness t (nm) Ar (nm) section o; (nm?)
25 510, 568 4100, 1000
20 510, 564 2200, 560
15 510, 565 933, 308
13 510, 565 650, 230
12 510, 566 527, 180
11 510, 565 421, 150
10 510, 565 331,132
9 500, 565 250,118
8 500, 576 192,103
7 500, 576 140, 88
6 500, 587 97, 82

5 500, 598 63,74

4 500, 609 38, 68

3 500, 631 20, 62

2 500, 697 8.5, 58

1 500, 851 2.5, 30
0.75 500, 950 1.5,20
0.5 500, 1115 0.8, 12
0.3 500, 1400 0.43,7.5

and polarize. We can estimate the polarization charge density o at
the interface just inside the silicon layer in terms of the charge den-
sity in the conductor o using the expression o, = ¢ (k — 1)/k. Note the
dielectric constant k for silicon is k = 13.32 (refractive index 3.65).
Hence, op = 0 (k — 1)/k = 0.925 0. As to the role of plasmon reso-
nances, we can estimate the location of the plasmon resonance (w;)
using the following expression of the plasmon frequency:*

47Ne? 2
@\ ewm ) M

where m” is the effective electron mass and N is the electron den-
sity. Since N is expected to be small in silicon conduction bands, and
since the plasmon frequency is proportional to the square root of N,
wp is expected to lie deep in the infrared. With a 3-nm particle having
a volume V = 14.1 x 102" cm® even if one electron is promoted to
its conduction band, we expect the charge density to be 7 x 10" /cm?
in the particle. Using m* = 0.25 m in silicon, and one electron in the
conduction band, gives a plasmon resonance at ~8 ym, well beyond
the visible region.

For pure gold with a vacuum cavity, the resonance wavelength
is 500 nm. Using the electron mass in silicon m* = 0.25 m gives a
resonance wavelength of 948 nm, in reasonable agreement with 840
nm, the numerical solution. It is to be noted that for a material with a
higher dielectric function, the polarization of the medium increases.
The greater polarization of the medium attenuates the accumulated
charge in the resonance zone more significantly. Attenuating the
electric charge of the NPs reduces the restoring electric force, which
reduces (red shifts) the resonance frequency. This can be seen using
the simulation based on the Mie theory presented in Figs. 2 and 3
and Tables I and II.
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I1l. FDTD FIELD DISTRIBUTION

The Finite-Difference Time-Domain (FDTD) method is a
discrete solution to Maxwell’s equations based on central differ-
ence approximations of the spatial and temporal derivatives of the
curl-equations.”” The FDTD method used is commercial software
(COMSOL MultiPhysics Software® 5.3a AC/DC module electro-
magnetic waves). In the software, the related simulation parame-
ters in FDTD simulation, e.g., the dimensions of perfectly matched
layer (PML) and grid size, are a physics based mesh, with a max
element size 0.35 nm and a min element size 0.000 05 nm, maxi-
mum growth rate 1.3, curvature factor 0.3, and resolution of narrow
regions 1. Using a reflectionless absorbing boundary (PML method)
makes the FDTD method capable of simulating unbounded prob-
lems. Moreover, the procedure is capable of absorbing evanescent
waves and near fields. Another feature, which was made possible by
using the basic Yee algorithm, allows the procedure to handle mod-
eling of very complex geometries.’! This is augmented with the use
of sub-cell modeling techniques and local sub-grids. That is, a sub-
grid is embedded within the global grid in order to locally resolve
fine geometric structures without sacrificing the global space/time
scale. The applications of sub-cell models and sub-gridding methods
have proven to enhance the efficiency and the accuracy of the FDTD
method for modeling very complex systems. We apply the FDTD
method to the architectures given in Figs. 1 and 5. For a closely
packed layer of silicon nanoparticles, the wavelength dependence of
the refractive index and the absorption coefficient n and k used in the
calculations can be approximated by those of bulk silicon as shown
in Fig. 7.”%%" The model used for the permittivity of the core metal
(Au) nanoparticles is the Lorentz-Drude model, i.e., Drude free elec-
tron model and Lorentz oscillator model. For instance, k and n are
taken from the work of Babar and Weave.”

We first apply the FDTD method to the architecture shown in
Fig. 1. We use a linearly polarized incident beam of amplitude Ei,c
(or background field E,) with an amplitude of 1.0 V/m. The incident
beam is propagating along the x direction, and the polarization is
along the z direction (see the coordinate system in the figure). Usu-
ally for the calculations, a plane wave source is desired. The creation

' k

0.3 0.4 0.5 0.6 0.7 0.8
Wavelength, ym

FIG. 7. Wavelength dependence of the optical constants n and k for a closely
packed layer of silicon nanoparticles. Those are approximated by thin crystalline
silicon.
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of this plane wave is what characterizes the difference between the
total field and the scattered field in the calculation domain. The scat-
tered field is defined as Esca = Eotal — Einc, Where Eioa is the total
field and E;, is the incident field. This definition is enforced at the
boundary between the total and scattered fields by adding in or sub-
tracting out a correction term for the update equations on and next
to this boundary.

The core-shell structure shown in Fig. 8(a) is a 10-nm total
diameter, with a gold core of 7 nm diameter and a silicon shell of
a thickness of 1.5 nm. The structure is much smaller than the wave-
length in the range 200-1400 nm, and thus, we introduce no spatial
variation of the electric field across the nanostructure. Figure 8(b)
shows the near-field distribution at an incident wavelength of 600
nm using the color code given on the right of the figure. Observa-
tions of the near-field strengths using color coded maps show two
hotspots. One of the hotspots is at the gold nanoparticle-silicon
interface. The other hotspot is at the silicon-vacuum interface (outer
surface of the silicon shell). At the Au-Si interface (inner sur-
face of the shell), the oscillation resonance is due to the com-
bined charge of the gold surface and the silicon polarization charge.
These two charge distributions subtract from each other. The sec-
ond hotspot originates from purely polarization charge. The hotspot
phenomenon is a highly local effect occurring at sharp edges, such
as the nanostructure considered here, interparticle junctions and
crevices, or other geometries with a sharp metal nano-roughness. In
Fig. 8(c), we show Es, (the secondary field) lines produced by the
re-distribution of the charge in the structure without including the
incident field lines, i.e., Eiotal — Einc, where as defined above E,y, is
the total electric field and Eipc is the incident field.

Figure 9(a) plots the strength of the obtained near electric field
with distance from the center of the structure in a direction along
the z axis, the direction of the polarization of the incident electric
field to display the relative characteristics of the hotspots. Figure 9(b)
shows the field strength of the hotspots on both sides of the structure
along the z axis. The nature of the charge at the gold-silicon inter-
face is governed by the sum of conduction and polarization charge
at the interface. The external field easily separates the charge in the
gold nanoparticle. The separated charge polarizes the medium sur-
rounding the gold nanoparticle. The surface conduction electrons
in the gold nanoparticle and the polarization charge at the inner sili-
con surface effectively overlap. Thus, the field due to the polarization
applies an opposite force to the restoring force inside the gold, which
shifts the resonance to a lower frequency. On the other hand, the
conduction electrons in the gold are well separated spatially from
polarization charge in the outer surface of the silicon layer. The
optical field of the plasmon zone, however, can be seen to over-
lap with the polarization zone. The plasmon zone bathes nearly the
full width of the silicon layer. The highest intensity extends nearly
2 nm, a scale comparable to the radius of the nanoparticle. At the
outer edge of the silicon shell, the polarization charge is subjected
to the plasmonic electric field of the gold sphere at a strength level
of 0.4, about 45 percent of the maximum; hence, they are optically
coupled. However, the polarization charge is not chemically or elec-
trically connected to the surface conduction electrons in the gold
nanoparticle.

Figures 9(a) and 9(b) also show that the strength of the polariz-
mon scattered field in the near zone is more delocalized than that of
the plasmon zone. This may be attributed to the fact that the former
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field distribution displayed using the color
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FIG. 9. The strength of the near-field electric with the distance of a gold nanoparticle taken along the polarization of the incident electric field to display the characteristics
of the hotspots. (a) From the center of the core—shell to one side and (b) from side to side through the center of the core-shell. (c) From the center of the core-shell to one

side and perpendicular to the polarization of the incident electric field. The direction of the polarization is in the direction of the arrow (z direction). The short arrow (green)
is in the perpendicular direction of the polarization of the incident field.
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is based on neutral dipole atomic fields, whereas the latter is based
on bare charge. Figure 9(c) shows the electric field dependence in the
direction perpendicular to the polarization. One can see the peak due
to the plasmonic hotspot, but there is only a hint of the polarization
hotspot. The green arrow is the direction of propagation.

It is to be noted that Fig. 9(a) shows that the polarization res-
onance at the Si-vacuum interface is stronger than the one at the
gold-silicon interface. We examined the relative strength of the
fields in the hotspots as a function of the thickness of the silicon
shell. Figure 10 shows the field strength as a function of distance
for a number of size combinations: (7, 9), (7, 10), and (7, 12) along
the color coded intensity for each case. Those correspond to the
thicknesses of the silicon layer of 1, 1.5, and, 2.5 nm, respectively.
These cases allow us to get the trend of the relative intensities of
the plasmon and polarizmon hotspots. The figure shows that we can
fine-tune the accessible intensity at the silicon-vacuum by tuning the
thickness of the silicon shell. Thus, the core-shell devices allow the
conduction of experiments without the specimen molecules coming
in contact with the metal surface as well as with a reduced near-
field intensity to eliminate any thermal or strong coupling with the
substrate.

It is interesting to examine the strength of the hotspots at the
silicon-vacuum interface and compare it to that at the gold-silicon
interface. We use the results of a core-shell structure consisting of
a gold nanoparticle of 9-nm diameter as a core and a silicon coat-
ing of varying thickness as a shell. The shell thicknesses studied are
1, 2, 3, and 4 nm. The dependence of the field strength on the dis-
tance from the gold nanocore is shown in Figs. 11(a)-11(d), respec-
tively. The images show the hotspots lying along the direction of

ARTICLE scitation.org/journall/adv

polarization of the incident light. It is to be noted that the hotspot
at the silicon-vacuum interface gets stronger as the silicon coating
becomes thinner, overtaking the strength of that at the gold-silicon
interface.

The wavelength dependence of the hotspots of the structures
discussed above in Fig. 11 is shown in Figs. 12(a)-12(d), respec-
tively. The wavelength range studied is 200-1600 nm (6.2-0.775 V).
One feature we observe is that all structures studied afford good
activity in the deep infrared at the hotspot of the silicon-vacuum
interface, with the response being nearly smooth with wavelength,
except for a hint at the indirect bandgap of silicon at ~1100 nm.
The activity in the UV/visible is weaker because of the dip over the
band of the gold plasmon. The dip, however, is only 3-10 percent.
Thus, these results suggest that by using the appropriate thickness,
one can reduce the intensity of the Si-vacuum hotspot to a level
below the damage level, i.e., tunable in strength and wavelength
content, which can be designed to alleviate high field damages.
Moreover, the core-shell devices allow the conduction of exper-
iments without the molecular specimen coming in contact with
the metal surface as well as with a reduced near-field intensity,
affording elimination of any thermal or strong coupling with metal
substrates.

For reference, we obtained distribution at the center of the core
structure. Figure 13 shows that the strength of the field amplitude
penetrating to the center of the structure is a very small fraction of
the scattered field (~4 x 107>) at 200 nm, while it is only 3 x 107 of
the infrared response; it increases as the wavelength decreases. With
wavelength, the response may be divided into two regions. The rate
of increase in the infrared region 800-1400 nm is much slower than
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: :
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°
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FIG. 10. The relative strength of the fields in the hotspots for different thicknesses of the silicon shell with the size combination (a, b) of (a

]
P
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), (b) (7, 10), and (c) (7, 12),

along with the color coded intensity for each case, corresponding to the thicknesses of the silicon layer (b-a) of 1, 1.5, and, 2.5 nm, respectlvely
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in the visible/UV range 200-600 nm by more than a factor of 25.
We also find an increase at 400-500 nm, which is the gold plasmon
resonance wavelength for a thinner silicon layer. This is consistent
with the fact that the infrared strength in the hotspots is stronger
than the visible of the UV content.

The case of a silicon shell made of closely packed lumines-
cent ultrasmall silicon nanoparticles is interesting. In addition to the
above hotspots at the inner and outer interfaces, there are expected
hotspots in aggregates from adjacent nanoparticle pairs or from
highly branched individual nanostructures. Since the particles are
luminescent, such enhancement in the near field due to plasmonic
effects may strongly excite luminescence. Such high luminescence
may be useful in imaging and tracking technologies. In this regard,
the stability of near-field nano-optics at hotspots is critical, particu-
larly in a biological milieu. Significant progress in the understand-
ing of the interaction between the excitation electromagnetic field
and the surface plasmon modes at the metallic or metallic/dielectric
interface of various curvatures is described. New knowledge on
methodological strategies for positioning the analytes for SM-SERS
and Raman-assisted SERS or the SERS imaging of live cells has been
acquired and displayed. In the framework of the extensive develop-
ment of SM-SERS as an advancing diagnostic analytical technique,
the real-time SERS chemical imaging of intracellular compartments
and tracing of individual analytes has been achieved. In this context,
we highlight the tremendous potential of SERS chemical imaging
as a future prospect in SERS and SM-SERS for the prediction and
diagnosis of diseases.

Arc length

FDTD field scattering strength computations were performed
for the configuration shown in Fig. 5 with a silicon nanoparticle clus-
ter of 7 nm diameter and with a gold shell of 1.5 nm thickness. Since
the gold thickness is significantly less than the skin depth, the Fara-
day cage effect will not be complete, and we expect a sizable fraction
of the incident EM wave to penetrate the gold shell and travel into
the silicon material and polarize it (see the discussion of Table I1I
above). Figure 14(a) shows a drawing of the core-shell structure.
Figure 14(b) shows the strength of the scatted field in the near zone
using a color code format. It is to be noted that the incident field is
traveling perpendicular to the page (along the x axis), while the lin-
ear polarization is along the z axis. Figure 14(c) also shows some field
lines of the secondary field and displays the hotspots created. The
strength of the field in the hotspot as a function of the wavelength of
the incident field is shown in Fig. 14(d).

The studies give us the opportunity to examine the current
interest in integration of electronics and optics’ " by integrating sil-
icon with metals especially noble metals, such as gold and silver. The
basic mechanism involves subjecting silicon to concentrated plas-
monic EM fields. Plasmonic fields within a few nanometers from the
metal can approach atomic field strengths, which when applied to Si
induces significant distortion in its crystal structure that breaks sym-
metry and modifies the electronic and optical properties, affording
Si, for example, efficient visible photoluminescence, infrared recep-
tion, or enhanced coupling to light. The high fields afforded by plas-
monic nanometal materials can be comparable to atomic and molec-
ular fields"”"” and hence cause distortion and modification of the
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FIG. 13. Ratio of the scattered field intensity to the incident intensity as a function
of wavelength in the region 200-1600 nm, evaluated at the center of the structure.

crystal structure, and charge separation (polarization) and hence the
interaction with light. Recently, hybrid metal-semiconductor sys-
tems have been investigated,”"' ™" one interesting example in which
a pure silicon nanowire wrapped with glass and silver.*! Subjecting
the silver coating to a narrowband blue laser beam, subjected sili-
con to an intense plasmonic field, which induced the silicon wire
to emit white light that spans nearly the full visible spectrum. The
broad bandwidth light has good potential for operation in photonic
or optoelectronic devices.

Finally, we discuss the feasibility of the realization of the
core-shell structures. Silicon nanoparticles were used in charge
exchange reactions as a reducer of metal ions to harvest metals or
their oxides, such as erbium, magnesium, iron, and gold.”*** For
example, when magnesium chloride salt in water is reacted with H-
terminated Si nanoparticles of 2.9-nm diameter in isopropanol alco-
hol, the Mg** ions and clusters of nanoparticles are attracted to each
other by polarization forces, followed by exchange of holes from
Mg?* to oxidize silicon. The reduced Mg or its oxide form forms
a solid precipitate coating the Si grains. H-terminated Si nanoparti-
cles are also able to reduce erbium, magnesium, iron, and gold ions
to their metal forms because silicon nanoparticles have electroneg-
ativity larger than those of metals, i.e., larger reduction potential,
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which favors exchange of holes or electrons. In these reactions, the
photoluminescence of the Si nanoparticles showed stability, and thus
Si(0) is not consumed, while the shell may have provided protective
cladding against luminescence quenching.

On the other hand, one might be able to coat gold nanopar-
ticles with silicon. The method includes physical procedures, such
as metal-assisted chemical vapor deposition (CVD) synthesis.”' ” It
works in a gas environment. Vapor-liquid-solid (VLS) growth is a
type of catalyzed CVD, which often uses silane as a Si precursor and
heated gold nanoparticles as a catalyst (or “seed”).

IV. DISCUSSION

We should note that the present study aims at softening the
plasmonic field in the near-field hotspots or creating new softer
hotspots by integrating plasmonic metal (Au, Ag, and Cu) and non-
plasmonic metal or dielectric material (such as silicon and silicon
oxide) in convenient architectures. The interest in this direction
stems from a desire to make extremely small samples of highly sen-
sitive, bio-medically important molecules, such as DNA amenable
to SERS by reducing damage or strong electronic convolution with
the active nanostructure. However, there remains, for certain appli-
cations, strong interest in strengthening the plasmonic field in the
hotspots of plasmonic metals™ ** as well as enhancing the hotspots
of non-plasmonic metals, such as the transition metals like Pt, Pd,
Ru, etc., metals in use in catalytic applications.”” Transition met-
als and other nonmetal materials that are usually used in catalysis
(material limitation) are almost impossible to employ in SERS-based
applications. The suggested architectural schemes include core-shell
of spherical as well as non-spherical geometries, such as triangular,
pyramidal, nanorods, sheets, or irregular complex geometries.“‘(’1
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Moreover, gap fields created by the proximity of multiple nanos-
tructures have been under research and applications.”"*"*" More-
over, integration of nanoarchitectures of different plasmonic active
materials and non-plasmonic materials in complex geometries has
been finding a myriad of new applications, ranging from ana-
lytical material sensing to optical antennas to refractive index
sensors.” ">

The SERS activity transcends application. There is presently a
concerted effort to study the fundamentals of the optical properties
of nanometals for better understanding of the phenomenon, which
in turn would facilitate the realization of the full potential of SERS
in advanced and emerging applications in plasmonics, nanoscience,
and nanotechnology. It is, in fact, imperative to discern the fun-
damental properties of metals and the effect of different types of
matrix environment at the nanoscale to allow better device opti-
mization and material/geometrical design and integration. Embed-
ding, integrating, or coating metal nanostructures with other mate-
rials affects the frequencies, strength, and damping of the plasmonic
resonances.

Detailed classical theory of the dispersion relation for the plas-
mon waves involves the solution of divergent free Maxwell equations
(no external charge, current sources, or incoming light wave).®” The
equations are first reduced to the Helmholtz homogeneous wave
equations. In the procedure, the vector solutions of the Helmholtz
equations in two homogeneous regions inside and outside the sphere
are expressed as a sum of infinite series of spherical multipole par-
tial waves of order ,°° according to the formalism of Mie scat-
tering theory.”” The continuity relations at r = R for the tan-
gential components of the transverse magnetic (TM) EM modes
(with non-vanishing electric field component normal to the inter-
face) lead to non-trivial solutions under certain conditions. Basic
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optical properties of small particles can be explained satisfactorily
by this classical EM theory using the bulk-type dielectric function
(DF). Realistic representation of the frequency dependence of the
dielectric function of noble metals has a significant impact on the
accuracy of description of their optical properties. The fundamen-
tal optical characteristics of pure gold nanoparticles in an infinite
water medium were recently obtained by semi-analytical solution
of a model that uses the Druse-Sommerfeld model with modifi-
cation of the DF to include corrections for the interband transi-
tion in gold at 1.8 and 2.4 eV.”” The multipolar (e.g., dipole and
higher order polarity, i.e., 1 = 1-5) plasmon resonance frequencies
and damping rates (eigenmode solution), with retardation effects
taken into account, has been obtained as a smooth function of the
particle radius for various indices of refraction for the particle’s
environment.”

The calculated plasmon frequency as a function of the radius
of the gold nanoparticle was obtained for several multipoles over
the range of size from single nanometers to hundreds of nanome-
ters (<1000 nm). Initially for the electric dipole (1 = 1), the frequency
of the dipole resonance increases with radius reduction but in the
ultrasmall regime, the response flattens out and in fact it drops by
~7% for diameters of 10-40 nm, making the size dependence weak
in the optical range. In the study, the red shift in the larger size range
(>50 nm) increases more rapidly with increasing R due to EM retar-
dation. The study also shows that the damping dependence on the
size of the metal particle is more complicated. The results show that
damping/width in the size regime of interest (10-40 nm diameter)
decreases by nearly 10%. Our Mie scattering response of pure gold,
with no silicon shell, embedded in water is shown in Figs. 4(d) and
4(e) for a gold diameter of 10 and 40 nm, respectively. Both show
an electric dipole plasmon resonance at 540 nm with little shift or
change in width. The shift from the green to the infrared and slight
shift of the position as well as the width with size in the core-shell
structure (shown in Figs. 3(a)-3(d) for the core-shell structure) are
due to the silicon coating/shell.

V. CONCLUSION

We conduct Mie and FDTD scattering studies from metal
nanoparticles coated with nanofilms of silicon (metal-Si core-shell
architecture) as well as silicon nanoparticles coated with an ultrathin
nanofilm (1 nm) of metal with a thickness below the skin depth of
the metal (Si-metal core-shell architecture). For the metal core case,
the result shows a resonance at 500 nm that red shifts and increases
strength monotonically with increasing thickness of the silicon shell
reaching a terminal wavelength of ~840 nm. For the silicon nanopar-
ticle core configuration, the system shows two resonances; one is
pinned at 500 nm, and the other red shifts and increases in strength
with increasing diameter of the silicon nanoparticle core. The result-
ing red-infrared resonant proactivity is understood in terms of
induced polarization charge density at the metal-silicon surface
interface, which for high x (13.32) approaches that of the metal sur-
face density and effectively creates a tunable plasmon-polarizmon
resonance. The integrated plasmonics of metal in silicon might be
useful for amplifying the visible luminescence of ultrasmall silicon
nanoparticles and for improving light coupling for enhancement of
solar cells.
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