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Abstract: Nanosized particles with high responsivity in the infrared spectrum are of great
interest for biomedical applications. We derive a closed-form expression for the polarizability
of nanoparticles made of up to three concentric nanolayers consisting of a frequency dependent
polar dielectric core, low permittivity dielectric spacer shell and conductive graphene outer
shell, using the electrostatic Mie theory in combination with conductive layer in a dipole
approximation. We use the obtained formula to investigate SiC, GaN and hBN as core
materials, and graphene as conductive shell, separated by a low-permittivity dielectric spacer.
Three-layer nanoparticles demonstrate up to a 12-fold increased mid-infrared (MIR) absorption
as compared to their monolithic polar dielectrics, and up to 1.7 as compared to two-layer (no
spacer) counterparts. They also show orders of magnitude enhancement of the nanoparticle
scattering efficiency. The enhancement originates from the phonon-plasmon hybridization
thanks to the graphene and polar dielectric combination, assisted by coupling via the low
permittivity spacer, resulting in the splitting of the dielectric resonance into two modes. Those
modes extend beyond the dielectric’s Reststrahlen band and can be tuned by tailoring the
nanoparticles characteristics as they can be easily calculated through the closed-form
expression. Nanoparticles with dual band resonances and enhanced absorption and scattering
efficiencies in the MIR are of high technological interest for biomedical applications, such as
surface -enhanced vibrational spectroscopies allowing simultaneous imaging and spectroscopy
of samples, as well as assisting guided drug delivery.
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1. Introduction

Nanoparticles are particularly attractive for applications in surface-enhanced Raman
spectroscopy (SERS) [1], surface-enhanced IR absorption (SEIRA) [2] and functionalization
for tailored drug delivery [1]. Recently nanoparticles were proposed as injectable wireless
neural activity nanosensors [3, 4]. Localized plasmon resonance, induced after irradiation of
nanoparticle with light, provides near field enhancement that amplifies light-matter interaction
and enables efficient functionalities using small quantities of nanoparticle material.

An efficient absorption is required for photothermal drug delivery [5], nanoparticle heat
based and antibiotic free sterilisation [6], and nanoparticle hypothermia treatment. A high
nanoparticle scattering cross-section is favourable for imaging-based nanoparticles as
biomedical contrast agents [7-10], as it may help circumvent the need for fluorescent tagging.
Other optical applications of core-shell nanoparticles involve radiative heat flux control [11,
12], photovoltaics for light trapping and increasing the efficiency of solar cells [13], and solar
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thermal energy harvesting [14]. Coupling between molecular excitons and nanoparticles
facilitates strong light-matter interactions for lasers and quantum networks [15]. In this work,
we will emphasize the relevance for biomedical applications in the MIR.

There are three identified near-infrared (NIR) biological transparency windows that can be
used for medicine: NIR-I (650-950 nm), NIR-II (1000-1350 nm), and NIR-IIl (1500-1800
nm).

The overwhelming majority of research and treatments so far has focused on metal
plasmonic nanoparticles intended for operation in NIR-I range, where metal plasmonic
nanoparticles like gold, silver, etc show exceptional response [16]. In-vitro techniques, such as
surface-enhanced Raman spectroscopy, have reached unprecedented sensitivity where
detection of one molecule is possible. Various coatings have been applied to metal
nanoparticles for functionalization, stabilization, and improvement of biocompatibility.
Benefits of two- and three-layer metal core-shell nanoparticles in the NIR-I have been
investigated. Three-layer core-shell nanoparticles have distinctly different field distribution
with the field tightly confined in thin middle shell or spacer layer, providing superior
enhancement compared to two-layer particles [16]. Three-layer plasmonic metal nanoparticles
have been proposed for gap-enhanced Raman tags (GERTS) demonstrating orders of magnitude
higher SERS responses due to enhanced electromagnetic fields in the spacer gap [1].

In addition, when tags are placed within the spacer layer, they are protected from unwanted
environmental effects and chemical or photo-chemical reactions. Also, tags located in the gap
or spacer are protected from effects of nanoparticle aggregation and produce desired linear
dependence of the signal on tag concentration. Multiplexing via loading the gap with a number
of different tags is also possible. Nanoparticles can be further functionalised with targeting
biochemicals for selective binding with biomolecules, such as tumours. For example, GERTS
were used for intraoperative tumour imaging, when injected nanoparticles travel to and attach
to tumour tissue and can be later seen during operation to identify tumour margins and ensure
that all unhealthy tissue is removed.

Amongst in-vivo applications, theranostics is combined diagnostics and treatment and is
very promising for cancer treatments. It uses nanoparticles functionalised with chemicals that
target cancer cells and attach to them [7-9]. Plasmonic photothermal therapy uses irradiation
and heating that occurs due to absorption of radiation by nanoparticles. Cancer cells are very
sensitive to elevated temperatures, a moderate rise in temperature to only 40-44 °C is effective
against tumours, while healthy tissue is unaffected [5]. Of particular interest are multipurpose
nanoparticles when one regime can be used for imaging and drug release monitoring (off-
resonance) and another regime for heating treatment or drug release via external shell
photothermal rupture (on-resonance) [1]. However, penetration depth of NIR-I radiation
through the human body is about 2 mm [17], thus limiting applications to shallow treatments,
such as skin, ovarian and breast cancer.

New research focus is on NIR-11 band, promising up to 2 cm penetration depth in biological
tissues [18]. However, larger metal nanoparticles are needed for resonance in this band. One
study indicates that gold nanorods up to 900 nm in length resonate in this band, but large
nanoparticles tend to accumulate in the body [1, 19, 20]. Developing plasmonic nanoparticles
and biotags for longer wavelengths of operation while keeping them small is challenging and
emerging field of research.

Although penetration depth of external mid- and far-infrared radiation through the skin is
limited to a superficial skin layer of 500 um [10, 17], the body itself is a good emitter and
absorber of infrared radiation around 10 um, corresponding to its black body temperature. So,
new heat-based treatments, triggered by the body’s own radiation after injection can be devised.
Reduced scattering from biological tissues at mid-infrared (MIR) makes it also better suited for
coherent imaging and 3D holography of molecules with high spatial resolution.

The MIR spectrum is rich with chemical and biological absorption resonances [21-23], for
example O-H, N-H, C=0, C-C, CH,, CHs bonds, water, proteins, lipids, as well as gasses like



CO2, CHs. In contrast to indirect detection, where SERS tags serve as labels, a direct
identification of the vibration information of molecules is used in surface-enhanced IR
absorption SEIRA. Combining SERS and SEIRA approaches is also of interest, as it allows
simultaneous imaging and spectroscopy of samples. Metallic nano/microstructures are
traditionally used for concentrating the incident radiation and improving the overlap of the field
with molecules, thus enhancing the interaction. As with SERS, micrometre sized metal
structures are required for resonances in MIR. Field confinement to nanosized hotspot is
required for detection of small amounts of substances with sufficient spatial resolution. Bowtie
gold structures with 3 nm gap achieved minimum 500 molecules detection [2]. However, single
molecule detection is still beyond reach for SEIRA. Translating the knowledge on
nanostructure design from the optical domain to MIR is important, however very few
publications exist on nanoparticles for MIR.

MIR plasmonic and polaritonic materials, such as I11-V semiconductors and 2D materials,
such as MoS,, WSe2, WS2, layered transition metal dichalcogenides (LTMDCs) and 2D hBN
are a natural choice. Polar dielectrics, such as SiC, GaN, hBN, exhibit metallic type behaviour
within their corresponding Reststrahlen bands in MIR due to excitation of localized surface
phonon polaritons and are low-loss materials [24]. Thus, polar dielectrics at MIR can behave
in an analogous to metals in the optical regime, they indicate lower losses as compared to metal
plasmonics, however their responsivities are confined to a specific restricted band
(Reststrahlen). SiC, GaN, hBN are all biocompatible and can be a suitable alternative to metal
nanoparticles for biomedical applications. Also, importantly for in-vivo applications,
nanoresonators made out of these materials are nanometer sized for the MIR operation
(unattainable with metal particles). Some work was done to investigate application of polar
dielectrics in the biomedical field, for example, SiC nanoparticles have been chemically
modified to enable cancer-cell-specific labelling [7] and used as fluorescent biomarkers for cell
monitoring or drug delivery [25].

Graphene is a preferred shell material, it is biocompatible and supports strongly confined
localized plasmon modes in MIR that couple to phonons in polar dielectrics [26], extending
resonant response beyond the Reststrahlen band. Fabrication methods exist for SiC/graphene
nanostructures [26-28], where ultrathin silicon oxycarbide (SiOC) layer [27, 29] forms between
SiC and graphene naturally and serves as a coupling low dielectric spacer layer. Graphene can
be electrostatically tuned to sweep continuously over various vibrational bands [30-32]. It has
been investigated for enhancing or tuning metal nanoparticles [33, 34], however lately it is
gaining popularity on its own, as was demonstrated in a number of biosensors [35, 36].

There is therefore interest in designing complex graphene-coated nanoparticles in the MIR
range. However, the majority of formulae for calculations of polarizability is usually limited
to one or two layers, such as nanoparticle on its own or with one nanoshell. Two-layer graphene
coated nanoparticles were theoretically analysed in [11, 37]. Recent works on multilayered
graphene nanoshells based on Mie theory are fairly complex [38, 39], include higher order
modes not usually required in biomedical applications and complex mathematical functions.
There is a need for a simplified three-layer model that is easy to use.

In this paper, we first derive general easy to use analytical formula for the polarizability of
a three-layer nanoparticle, using the dipole approximation of Mie theory with a conductive
boundary. Then we use the expression to compare the polarizability, absorption and scattering
efficiencies of three-layer graphene coated nanoparticles with SiC, GaN and hBN, cores and
graphene shell. We show the benefits of using a sandwiched layer between the core and the
graphene shell of low permittivity oxide, which acts as coupling medium. We provide
guidelines for the nanoparticle design and demonstrate enhanced capabilities for absorption and
scattering. Lastly, we confirm the validity of the derived analytical expression by modelling the
nanoparticles with 3D Comsol Multiphysics simulations [40].



2. Theoretical background

Figure 1(a) shows the proposed three-layer polar dielectric (core)/dielectric (spacer) /2D
plasmonic material (shell) nanoparticle immersed in a generic host medium, excited with a
plane wave mid-infrared electromagnetic field. The host medium with permittivity e, could be
air or other dielectric, representing immersion in a chemical solution that needs testing. The
nanostructure consists of a polar dielectric core nanosphere of radius r; and permittivity €i(o),
a dielectric low permittivity spacer layer with thickness d=r,—r; and permittivity ¢, and 2D
monolayer conductive nanoshell of infinitesimal thickness and conductivity o(o).

For a better understanding of the origin of resonances and behaviour of the multilayered
nanoparticle, its response is compared to the responses of the core nanosphere and two-layer
polar dielectric (core) /2D monolayer conductor (shell) nanoparticle that contribute to its
response. SiC, GaN and hBN polar dielectrics were investigated with graphene shell as 2D
plasmonic conductor. The investigations were conducted in the wavelength range between 5-
20 um, where the Reststrahlen bands between transverse (TO) and longitudinal (LO) optical
phonon frequencies of the polar dielectrics are located.

> Eo

(a)

o(w) B 2D plasmonic material
dielectric spacer
Bl polar dielectric

€Eh

(© o(w)

(b)

€h €h

Fig. 1. Schematic of spherical nanoparticles immersed in a host dielectric medium (g,) and
subject to an external electric field Eo: (a) a three-layer polar dielectric (core)/dielectric (spacer)
/2D plasmonic material (shell), (b) polar dielectric sphere, (c) a two-layer polar dielectric
(core)/2D plasmonic material (shell).

First, we derived a closed-form simplified analytical formula expressing the electric
polarizability for three-layers polar dielectric (core)/dielectric (spacer)/2D monolayer
conductor (shell) nanosphere shown in Fig.1(a) for dipole mode. The full derivation details and
Matlab Symbolic Math Toolbox code used for working with expressions in analytical form are
provided as supplementary material. The resonant frequencies of the nanostructure then can be
calculated as poles of polarizability.

The derived formula is very general and allows for ideal dielectrics, lossy dielectrics and
metal type materials to be used for permittivities €1 and €. However, the assumption is a
spatially isotropic material. The 2D material is treated as an infinitesimally thin conductive
boundary, requiring consideration of charges or current on the boundary. Note that a
conventional metal of a few nm thickness, which is less than skin depth or plasmon depth at
MIR wavelength, can also be treated as an infinitesimally thin conductive boundary.

In order to investigate the response of the multilayered nanoparticles to the incident
radiation, the scattering problem was solved. Due to the curved nature of nanoparticles,



localized plasmon and phonon resonances can be excited by plane wave illumination. The
nanoparticles considered in this paper are deeply subwavelength at the infrared frequency
range, so the electrostatic approximation can be used (also known as Lorenz-Mie theory). This
means that spatial retardation effects were not considered, as the incident field does not change
significantly across the diameter of the particle and both field amplitude and phase can be
assumed constant across the particle. The frequency dependence of the field can be added later
once the solution is obtained. The frequency dependence of polarizability manifests itself via
the material parameters of the polar dielectrics and the 2D material. For this calculation, the 2D
material was chosen to be graphene. All materials are considered to be nonmagnetic materials.
The Sl system of units and exp(-iwt) time-dependence are used in the paper.

Polarizability formulae for a single sphere and a two-layer core/shell sphere are reported in
electromagnetics text books and previous publications [41-43]. The following formulae were
used in calculations for polar dielectric core nanosphere in a dielectric host medium as shown
in Fig.1(b):
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For two-layer polar dielectric (core) /2D monolayer conductor (shell) nanoparticle as in

Fig.1(c) the following formula was used [37]:
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where g is permittivity of free space, o is the angular frequency of the incident wave.

In order to extend the approach to three-layer nanosphere as in Fig.1(a) we combined the
electrostatic approach used to derive (1) with conductive boundary treatment of the 2D
conductor shell (graphene, in this case) in (2). The electrostatic solution to Laplace equation
for electric potential V2@ = 0 is in the form of

&(r,0) = Z[Alrl + Byr~ V] P (cosh), 4
=0
where P;(cos8) are the Legendre polynomials of the order | and 0 is the angle between the
direction of the incident field E;,,. = E,e~'“*2 and the observation point, where E = —Va.
Dipole mode corresponds to I=1, where P;(cos8) = cosf . A and B are coefficients
corresponding to electric potentials of the fields in each layer that are found by applying
boundary conditions:

nx(E,—En1) =0, nx (H,—Hyq1) =Jn (5)

where J = oE is surface current, n is the normal to the surface of the sphere and n, n+1 are the
indexes of the layers. The derived expression for a three-layer nanoparticle with a conductive
boundary is:

(&2 —&n + 29)(e1128,) + f(&1—&,) (e + 26, — 29)
(&2 + 2&p + 29)(e1+28,) + 2f (e1—&2) (e2—&p — 9)
Scattering, absorption and extinction cross sections and efficiencies are the primary

parameters of interest for nanoparticle applications. We calculate and compare these parameters
for all the types of nanoparticles shown in Fig.1 using the following formulae:

Caps = kIm(a), Cscar = k4|a’|2/67'[,

(6)
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Qabs = al)s/T[rZ2 ' Qscat = Cscat/nrzzl (7)
Cext = Caps + Cscars Qext = Cext/T[TZZ,

where Cups, Cscqr @Nd C,y are absorption, scattering and extinction cross sections, k = wn/c
is wavenumber of the incident wave in the host medium, ® is angular frequency, n is refractive
index of the host medium, Im(a) is imaginary part of polarizability, Q.ps, Qscar @Nd Qg are
absorption, scattering and extinction efficiencies.

Both polar dielectric permittivity and 2D plasmonic material conductivity are frequency
dependent parameters. The permittivity of polar dielectrics can be described by the formula:

e(w) = &4 <1 +— (8)
w o

where &, represents the high-frequency permittivity, wr, and w;, are the TO and LO phonon
frequencies, and y is the damping constant associated with optical phonon. Three polar
materials, cubic SiC (3C-SiC), GaN and hBN, were investigated.

For 3C-SiC the values wry = 797 cm™! and w;p, =973 cm™? , &, = 6.52, and y =
12 cm™! were used from the measured data in [26]. For GaN wy, = 533 cm™ and w;, =
744 cm™!, &, = 5.35, and y = 17 cm™* were used as representing the properties along the
normal direction of the GaN crystal. In tangential direction the values are wgy =
560 cm™tand w,, = 746 cm™!, &, = 5.35,and y = 17 cm™1, e.g. differ substantially only
in location of TO [44], hence only normal direction properties were used for further
calculations. There are two Reststrahlen bands for hBN, which are significantly away from each
other. For normal direction (excitation by incident field parallel to anisotropy axis) the values
are wpo =1360cm™! and w;p = 1614cm™ |, ¢, =49, and y =7cm™!, and for
tangential direction (excitation by incident field perpendicular to anisotropy axis) wro =
760 cm™t and w;p =825cm™?! |, &, = 2.95, and y = 2 cm™![45]. Separate calculations
were conducted for the normal and the tangential cases of hBN.

As we chose monolayer graphene as the 2D conductor shell, its conductivity o(w) was
calculated using the Kubo formula, expressed by the sum of interband (o;,:-4) and intraband
(Ointer) transitions [12]

o; = 2ieziln [2605h< Er )] 9)
e T a2 (w + ith) 2kzT/1’
e?rq1 1 hw — 2Eg i (hw + 2Ep)?
mter = — | = + = arctan (———L) = —1 , 10
Oimter = [2 e a"( 2k T ) 21 (hw — 2E5)2 + (2kgT) ] (10)
0(®) = Ointra + Ointers 11)

where kg and 2 are the Boltzmann and reduced Planck constant, respectively, e is the electron
charge. For the sake of the analytical and numerical calculations in this work, we selected a
Fermi level of Ex = 0.37 eV as representative of a graphene on silicon carbide with a thin oxide
spacer [46] and T = 370 f's as relaxation time estimate for graphene at room temperature [30,
46-48]. The conductivity of graphene can be tuned via altering its Fermi level, which can for
example be controlled by electrostatic gating. Other 2D plasmonic materials can be described
by a similar approach.

3. Nanoparticle analysis

Three-layer nanoparticles with SiC, GaN and two variations of hBN cores were investigated
and compared. For all nanoparticles total radius of all the layers r, =25 nm, polar dielectric core
radius r1 = 17.5 nm and low permittivity dielectric spacer has thickness d=7.5 nm and
permittivity g, =2.25. Nanoparticles have outer graphene shell and are located in air with
permittivity en=1. Table | summarises the results.



Figures 2(a)-(d) compare polarizabilities for nanoparticles from Fig.1 with various polar
dielectric cores. The green curves represent polarizability of a monolithic sphere in air (as in
Fig.1(b)). The localized phonon resonance occurs within the Reststrahlen band when g1 = -2¢p.
The polar dielectric’s permittivity is frequency dependent and coating such dielectric sphere
with a graphene shell (two-layer particle in Fig.1(c)) results in the splitting of the resonance
into two modes. The splitting is due to the hybridization of the localized surface plasmon of the
graphene shell and the surface phonon resonance of the polar dielectric core (black curve). This
type of hybridization has been studied extensively for metallic core-shell nanoparticles [16, 49].
It was shown that the interaction between the core material plasmon and the shell cavity
plasmon generates one bonding and one antibonding mode, where electric fields in the core and
the shell orient themselves symmetrically or anti-symmetrically, respectively. This concept was
recently extended to the interaction of plasmon and surface phonon in SiC-graphene core-shell
nanowires [26]. The mode splitting phenomenon can be beneficial for dual -band or dual -
function operation. The shorter wavelength mode 2 (M2), exhibits an order of magnitude
stronger polarizability than the mode 1 (M1) for SiC, GaN and hBN.L cores, and is 2 times
stronger for hBN]|.
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Fig. 2. Calculated polarizabilities for nanoparticles with polar dielectric cores as shown on
labels, r; = 17.5 nm, d = 7.5 nm, &, = 2.25, all particles are in air. The green spectra correspond
to the monolithic polar dielectric sphere, the black spectra are for two-layer polar dielectric
sphere/graphene shell, the red ones are for three-layer polar dielectric sphere/spacer/graphene
shell. The black vertical lines show the location of Reststrahlen bands. Three-layer nanoparticles
consistently show the highest polarizability in all cases.



Also, all three-layer nanoparticles (red curves) show mode splitting and demonstrate higher
polarizability for M2 as compared to two-layer particles - about 1.3-1.4 times for SiC, GaN and
hBN || (hBN L remains roughly constant), and nearly an order of magnitude higher
polarizability compared to monolithic nanoparticles.

It should be noted that although all monolithic nanospheres resonate at different
wavelengths and polar dielectrics have Reststrahlen bands of different widths and in different
spectral locations, the modes of three- and two-layer nanoparticles appear all within the same
narrow ~6-8 um window. This seems to indicate a predominance of the graphene response for
the concentric nanoparticles.

Figures 3(a)-(d) compare absorption efficiencies for nanoparticles with various polar
dielectric cores. Three-layer nanoparticles demonstrate absorption efficiency enhancements of
up to 1.7 times over two-layer structures, and up to 12 times over monolithic spheres (mode
M2). Interestingly, SiC and GaN cores lead to substantially stronger enhancements than hBN.
Graphs of the calculated scattering efficiencies are shown in Fig. S3 (supplemental document),
and corresponding details are also summarized in Table I.
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Fig. 3. Calculated absorption efficiencies for nanoparticles with polar dielectric cores as shown
on labels, r;=17.5nm, d="7.5 nm, g, = 2.25, all particles are in air. The green spectra correspond
to the monolithic polar dielectric sphere, the black spectra are for two-layer polar dielectric
sphere/graphene shell, the red ones are for three-layer polar dielectric sphere/spacer/graphene
shell. Three-layer nanoparticles consistently show the highest absorption efficiencies for all
cases.



Table 1. Summary of analytically calculated resonant wavelengths (A), polarisabilities
(Re(a), absorption (Qass) and scattering (Qsar) efficiencies maxima, numerically modelled
resonant wavelengths (A) and absorption A. The estimated enhancement ratios for three-
layer versus two-layer and monolithic nanoparticles are also reported. G stands for
graphene (shell) and Sp indicates the low-permittivity spacer with a chosen dielectric
constant of 2.25.

Analytical Modelled (Comsol)
Nanoparticles
and modes A (um) Re(a) A (um) Qats Qscat A (um) A
SiC sphere 10.8 3.0x10% 10.7 0.3 1.7x10°® 10.7 2.2x10°
SiC/G M1 145  4.3x10% 143 0.1 2.7x107 14.6 1.7x10?
SiC/G M2 7.9 1.9x10% 7.8 14 1.4x10* 8.0 2.2x1072
SiC/Sp/G M1 11.7 3.5x102% 11.6 0.1 3.0x107 11.6 1.6x10°°
SiC/Sp/G M2 7.0 2.7x102% 6.9 24 4.9x10* 7.0 6.5x1072
Enhancement 3vs2/ 3vsl layers 17178 3.6/290 2.9/30.3
GaN sphere 146  2.7x10% 14.4 0.2 4.2x107
GaN/G M1 20.5 2.4x10% 20.2 0.01 1.4x10°8
GaN/G M2 7.8 2.1x10% 1.7 1.6 1.8x10*
GaN/Sp/G M1 16.5 2.3x102 16.2 0.6 x1072 3.2x10°8
GaN/Sp/G M2 6.9  2.8x10% 6.9 25 5.4x10*
Enhancement 3vs2/ 3vsl layers 16/12 3.0/1290
hBN; sphere 6.5 7.7x10% 6.5 15 1.0x10*
hBN,/G M1 10.2 1.3x10% 10.2 0.7 1.9x10°
hBN,/G M2 5.9 2.6x10% 5.8 2.7 8.5x10*
hBN/Sp/G M1 7.9 2.0x10% 7.9 14 1.4x10*
hBN/Sp/G M2 6.1 2.8x10% 6.0 2.8 9.1x10*
Enhancement 3vs2/ 3vsl layers 11/19 1.1/89
hBN. sphere 12.5 8.0x102% 12.5 0.8 8.5x10°®
hBN./G M1 134  4.2x10% 134 0.1 3.1x107
hBNL/G M2 6.8 2.9x102% 6.8 2.6 6.2x10*
hBNL/Sp/G M1 12.9 3.2x10% 12.9 0.04 1.6x107
hBNL/Sp/G M2 6.6 3.1x102% 6.5 29 8.1x10*
Enhancement 3vs2/ 3vsl layers 11/36 1.3/95

Enhanced absorption would lead to more efficient heating thus reducing the requirement on
the power of the radiation source for photothermal treatments. As the result of enhanced
electromagnetic fields, it is also expected to lead to better field-matter interaction and improved
sensitivity of tag-based and tagless spectroscopy, such as SERS and SEIRA. As expected,
absorption efficiency Qaps is orders of magnitude higher than scattering efficiency Qsca in all
nanoparticles and dominates in the total extinction efficiency of the nanoparticles. Scattering is
required for imaging and tag-based spectroscopy relying on emissions. Combining
spectroscopy and imaging capabilities in one nanoparticle is an emerging area of interest for



SERS and SEIRA. It would allow to detect chemicals of interest and simultaneously observe
their movements and interactions with other present substances.

Finally, in order to guide the design of the concentric particles, we have also conducted a
parametric analysis for three-layer nanoparticles with a SiC core to illustrate dependencies on
the radius of the core sphere ry = 12.5-125 nm, thickness of the dielectric shell d = 5-25 nm,
permittivity of the shell &, = 2-4 and host media &y = 1-4. We studied the effect of each
parameter on the magnitude and wavelength of the peak of absorption cross section of the
strongest hybridized mode M2 (Fig. 4). The absorption cross section magnitude shows
monotonic dependence versus r1, d and en, such as increasing any of these parameters enhances
absorption. Dependence of resonance on e, informs sensing capabilities in different media and
indicates that the discussed absorption enhancement is higher in other media than air. It is also
inversely dependent on ¢z, hence a low permittivity spacer is key. Resonant wavelengths
corresponding to the peak of absorption show monotonic proportional dependence on all
parameters except the core radius, where a saturation is reached for larger cores. Absorption
cross sections for polar dielectric -based nanoparticles at MIR are comparable with plasmonic
metal nanoparticle in the corresponding optical and NIR operating range and thus are highly
suitable for biomedical applications in the previously unattainable MIR range. More detailed
parametric analysis of one-, two-and three- layer graphene and SiC core nanoparticles at M1
and M2 modes is available in supplemental document.
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Fig. 4. Dependence of the absorption cross sections peak (solid line) and resonant wavelength
(dotted line) of three-layer SiC nanoparticle mode M2 on (a) core radius ry, (b) permittivity of
the surrounding media &, (c) dielectric shell thickness d, (d) permittivity of the spacer &;.
Parameters that were kept constant during sweep had values r; = 17.5 nm, d = 7.5 nm, &, = 2.25,
&h = 1.



4. FEM Simulation

In order to validate the analytical expression, we have derived in this work, numerical
simulations of concentric nanoparticles with a SiC core were performed using full-wave 3D
simulations in COMSOL Multiphysics RF Module [40], which is based on finite element
method. Graphene was simulated as a 2D conductive layer using a transition boundary
condition and conductivity as per Eq. (9-11), which considers the thickness of the graphene
layer and its dielectric properties. The model was excited with a plane electromagnetic wave.
Nanoparticles were simulated as periodic lattice starting from a very low filling factor of 1%
up to a densely packed particle array of about 90% filling factor. Note that negligible particle
interaction is found below a 50% filling factor, where each particle behaves largely as a single
distinct nanostructure, so the total array absorption is simply a summation of the single
particles’ absorptions. The absorption was calculated as A=1-R-T, where R and T are the
reflectance and the transmittance intensities extracted from the simulations (Fig.5(a)). Excellent
agreement between the analytical calculations (Qaps) and 3D simulations (A) is observed both
in terms of wavelengths at which resonances are found, and absorption trends, as summarised
in Table I.

Fig. 5. (a) Simulations of absorption for one, two- and three-layer nanoparticle arrays in air with
periodicity of 200 nm, ie 25% filling factor. (b) Simulated vector field distributions for the single
mode of a SiC monolithic sphere, (c) mode M1 of SiC/G, (d) mode M2 of SiC/G, (e) mode M1
of SiC/Spacer/G, (f) mode M2 of SiC/Spacer/G.
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We also investigated near-field responses, as shown in Fig.5. The monolithic SiC nanosphere
exhibits dipole phonon resonance, as shown on the vector field plot. Coating the sphere by a
plasmonic graphene shell in a 2- layer structure gives rise to two hybridized modes with
symmetric and anti-symmetric field orientations. In both the cases the strongest field is outside
the nanoparticle and non-negligible field is also present within the SiC core. When the third
layer is added in the form of low dielectric coupling spacer, the field retains symmetric and
anti-symmetric orientations for M2 and M1 correspondingly, but reaches its peak within the
spacer layer, with M2 mode demonstrating the highest field magnitude.

5. Conclusion

In this work we have derived an easy-to-use analytical polarizability formula for up to three-
layer polar dielectric (core) /dielectric (spacer) /2D monolayer conductor (shell) nanoparticles
in dipole approximation. Calculations through this formula are in excellent agreement with
calculation intensive 3D full-wave FEM modelling using Comsol Multiphysics.

Using this formula, we compare polarizabilities, absorption and scattering efficiencies of
one, two- and three-layer nanoparticles with 3C-SiC, GaN and hBN cores and a graphene outer
shell in the MIR spectral range, which includes the Reststrahlen bands of the corresponding
polar dielectrics. Using a low-permittivity dielectric spacer, the MIR absorption and scattering
efficiencies of three-layer nanoparticles are enhanced, as compared to both two-layer and
monolithic nanoparticles. While the enhancement for two-layer nanoparticles is attributed to
the hybridization of the surface plasmon and phonon polaritons of the graphene shell and polar
dielectric cores, the further enhancement for the three-layer particles is attributed to the low
permittivity spacer, acting as a coupling medium between the core and the shell of the
nanoparticles.

The MIR spectrum is a promising area for nanoparticle -based biomedical applications, such
as multipurpose functionalisation and photothermal drug delivery, antibiotic free sterilisation,
hypothermia treatment, gap-enhanced tags and intraoperative tumour imaging with
nanoparticles as biomedical contrast agents. Conventional metal particles are not suitable here,
as they would need to be in the microns size range to be responsive in the MIR, hence they
would tend to accumulate in the body in in-vivo studies. The discussed semiconductor and
graphene concentric nanoparticles are a suitable alternative to micrometer- sized metal
particles, offering enhanced absorption and increased sensitivity.

The formula derived in this work can guide the design and fine tuning of multilayered
nanoparticles for the development of SERS and SEIRA in the MIR, as well as in-vivo imaging
and theranostics using MIR wavelengths.
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