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Abstract—Nowadays, materials to protect equipment from un-
wanted multispectral electromagnetic waves are needed in a broad
range of applications including electronics, medical, military and
aerospace. However, the shielding materials currently in use are
bulky and work effectively only in a limited frequency range.
Therefore, nanostructured materials are under investigation by
the relevant scientific community. In this framework, the design of
multispectral shielding nanomaterials must be supplemented with
proper numerical models that allow dealing with non-linearities
and being effective in predicting their absorption spectra. In this
study, the electromagnetic response of metal-oxide nanocrystals
with multispectral electromagnetic shielding capability has been
investigated. A numerical framework was developed to predict en-
ergy bands and electron density profiles of a core-shell nanocrystal
and to evaluate its optical response at different wavelengths. To this

Manuscript received 15 October 2022; revised 12 December 2022; accepted
5 January 2023. Date of publication 10 January 2023; date of current version 2
February 2023. The work of Nicola Curreli, Michele Ghini, Nicolo Petrini, and
Ilka Kriegel was supported in part by European Union’s Horizon 2020 European
Research Council, under Grant 850875 (Ilka Kriegel) (Light-DYNAMO), and
in part by European Union’s Horizon 2020 Research and Innovation Program
under Grant 101017821 (Ilka Kriegel) (LIGHT-CAP). The work of Matteo
Bruno Lodi, Giuseppe Mazzarella, and Alessandro Fanti was supported by the
Ministero dello Sviluppo Economico, in AGRIFOOD Programma Operativo
Nazionale (PON) Imprese e Competitività (I&C) 2014–2020, through Project
“Ingegnerizzazione e Automazione del Processo di Produzione Tradizionale del
Pane Carasau mediante l’utilizzo di tecnologie IoT (IAPC),” under Grants CUP:
B21B19000640008 and COR: 1406652. (Nicola Curreli and Matteo Bruno
Lodi contributed equally to this work.) (Corresponding authors: Nicola Curreli;
Alessandro Fanti.)

Nicola Curreli and Nicolò Petrini are with Functional Nanosystems, Italian
Institute of Technology, 16163 Genova, Italy, and also with Molecular Foundry,
Lawrence Berkeley National Laboratory, Berkeley, CA 94720 USA (e-mail:
nicola.curreli@iit.it; nicolo.petrini@iit.it).

Matteo Bruno Lodi, Alessandro Fanti, and Giuseppe Mazzarella are with
the Department of Electrical and Electronic Engineering, University of
Cagliari, 09123 Cagliari, Italy, and also with the National Inter-University
Consortium for Telecommunications (CNIT), University of Cagliari Re-
search Unit, 09123 Cagliari, Italy (e-mail: matteobrunolodi@ieee.org; alessan-
dro.fanti@diee.unica.it; mazzarella@unica.it).

Michele Ghini is with Functional Nanosystems, Italian Institute of Technol-
ogy, 16163 Genova, Italy, and also with Nanoelectronic Devices Laboratory,
Ecole Polytechnique Fédérale de Lausanne, 1015 Lausanne, Switzerland (e-
mail: michele.ghini@epfl.ch).

Andrea Buono and Maurizio Migliaccio are with Dipartimento di Ingegneria,
Università degli Studi di Napoli “Parthenope,” 80133 Napoli, Italy (e-mail:
andrea.buono@uniparthenope.it; maurizio.migliaccio@uniparthenope.it).

Ilka Kriegel is with Functional Nanosystems, Italian Institute of Technology,
16163 Genova, Italy (e-mail: ilka.kriegel@iit.it).

This article has supplementary downloadable material available at
https://doi.org/10.1109/JMMCT.2023.3235750, provided by the authors.

Digital Object Identifier 10.1109/JMMCT.2023.3235750

aim, a finite element method software is used to solve a non-linear
Poisson’s equation. The numerical simulations allowed to model
the optical response of ITO-In2O3 core-shell nanocrystals and
can be effectively applied to different nanotopologies to support
an enhanced design of nanomaterials with multispectral shielding
capabilities.

Index Terms—Computational electromagnetics, core-shell
nanoparticles, lorentz-mie theory, multispectral shielding,
plasmonic resonance.

I. INTRODUCTION

THE development of electronic devices operating on a wide
range of frequency from one side opened a plethora of

new applications while, on the other side, came along with
a substantial and critical rise of electromagnetic interference,
i.e., a set of unwanted collateral effects as device malfunctions
and human exposure to electromagnetic radiation [1], [2]. To
limit the impact of such unwanted effects, the interest and the
demand for multispectral shielding materials grew exponentially
in the last few years. Shielding materials that can successfully
reduce the susceptibility to external radiation are needed in a
broad set of applications as electronics medical, military and
aerospace [3], [4], [5], [6], [7], [8]. For instance, smart electron-
ics and telecommunication satellites operate in the dual-band
spectrum of microwaves and infrared radiations [9], while med-
ical equipment mostly work using microwaves and X-rays [10].
Additionally, the electromagnetic radiation emitted by the Sun
covers a wide spectrum including microwave, infrared and ul-
traviolet wavelengths, which aerospace aircraft must cope with
and endure [10]. Unfortunately, multispectral shielding require-
ments are not met by the shielding materials that are currently
on the market, which are primarily synthesized for single-band
electromagnetic waves. In fact, each band of the electromagnetic
spectrum calls for unique attenuation mechanism [5], [11], [12],
[13], [14]. Ultraviolet photons, for example, have enough energy
to induce electron transitions between different energy levels
(see Fig. 1). The wavelength of absorbed light has the energy
required to promote an electron from a lower to a higher energy
level resulting in the absorption of the ultraviolet photon. In this
context, UV shielding materials are typically used in sunscreen
applications since ultraviolet overexposure can harm living hu-
man cells [15], [16]. Considering military and security applica-
tions, infrared shielding or camouflage need for materials with
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Fig. 1. Schematics of a metal-oxide nanocrystal (NC), in which it is evidenced
the core-shell structure and the effect of photodoping with a sufficent energetic
photon able to induce photogeneration of carriers.

low infrared emissivity and low thermal conductivity [17]. The
former, according to Kirchhoff’s equation of thermal radiation
for opaque materials, can be attained by high reflectivity, which
in turn depends on electrical conductivity [18].

In this framework, the study of nanoscale radiators, scatterers
and absorbers is a fundamental challenge to enable industrial and
biomedical plasmonic applications [19]. Nonetheless, the design
of nanomaterials with suitable properties must be supported with
proper theoretical and numerical tools. To date, the literature
focused on the analytical analysis of metallic, spherical nanopar-
ticles under resonance conditions [20], especially considering
scattering [21], [22], [23]. By solving the full dipole equation
for the dominant mode radiation damping of the oscillating
nanocrystal (NC), closed-form equations to study the near- or
far-field characteristics can be derived. Several models have been
developed to quantitatively describe the resonant behavior of NC
(radii from 5 nm to 50 nm), through lumped-impedance repre-
sentation based on the quasi-static approximation [24], [25].
The latter holds, depending on the scatterer size, the radiation
wavelength and the field homogeneity in the nanoparticle [26].
The classic circuit concept, which is limited to the fundamental
dipole mode, could be extended to predict the optical spec-
trum of nanoparticles independently on wavelength, size and
material properties constraints [27]. Further efforts, such as the
closed-form solution from [28], were spent in accounting for
third order non-linear susceptibility in metallic nanostructures.
However, when quasi-static approximation and circuital mod-
els do not apply, i.e., when high non-linearities are in place,
numerical methods to investigate the interaction between the
electromagnetic radiation and the NC are adopted [29]. For
instance, recently, in [30], the surface enhanced Raman scat-
tering of multiple nanostructures was studied by developing a
wide-band nested equivalent source approximation accelerated
method of moments. Finite element method (FEM) solvers, in
particular, have been assessed to be effective numerical tools to

investigate the performance of absorbing nanostructures [29],
[31], [32]. So far, the studies about the numerical analysis of
innovative nanomaterials mostly dealt with scattering, focusing
with noble metals (e.g., gold nanosphere) [29] or dielectric
nanoparticles [23], and core-shell systems have been under-
studied [22]. There is lack of numerical framework capable of
handling extinction and scattering mechanisms of nanomateri-
als. Furthermore, any of the aforementioned models can predict
the multispectral optical response of nanomaterials starting from
their electronic properties.

In this study, we adopted numerical tools to simulate the elec-
tromagnetic response of metal oxide nanocrystals (MO-NCs)
with multispectral shielding capabilities. Based on different
principles, effective shielding can be achieved by core-shell
MO-NCs in a wide range of frequencies, from infrared to
ultraviolet. Despite several plasmonic semiconductors can be
used for shielding applications (Fig. S1, Supplementary Ma-
terial) [33], [34], [35], Sn : In2O3-In2O3 (ITO-In2O3) NCs
were considered as a case study due to their relative ease in the
synthesis of core-shell structures. We first modeled an isolated
core-shell NCs, pre- and post-photodoping, to account for their
optical response by performing full-field optical simulations
using steady state carrier concentration profiles. The latter are
obtained by solving Poisson’s equation over a spherical NC.
Then, we predicted their far-field optical response and analyzed
the near-field characteristics around the NCs.

II. ELECTROSTATIC SIMULATIONS

In this section, a three-dimensional model of a single NC is
presented assuming an uniform dopant concentration from the
center up to the interface between the core and shell regions.
Charges in surface states are considered to be located outside
the NC. To obtain the electric field at the surface, the Poisson’s
equation must be integrated from the center to the surface of the
NC.

A. General Model

The Poisson’s equation is defined as [36]:

∇2 u = − e2

ε∞(r)ε0kBT
ρ(r) (1)

where ε∞(r) and ε0 are the high-frequency dielectric permit-
tivity of the NC and the permittivity of free space, respectively.
To integrate Poisson’s equation, an explicit expression for the
charge density at any point, ρ(r), is needed, which is given
by [36], [37]:

ρ(r) = ph − ne + ρD(r) + ρA(r) (2)

where ph and ne are the carrier density contribution of mobile
electrons and holes, respectively, ρD(r) and ρA(r) are the radi-
ally changing donor and acceptor dopant density, respectively,
while e is the unit electron charge. In the following, energy
and potential terms are indicated as follows: EF is the Fermi
energy while EC and EV are the energies at the bottom of the
conduction band (CB) and the top of the valence band (VB),
respectively. For the sake of convenience, it has been defined an
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intrinsic energy EI , which is defined as EC+EV

2 . At any point r
in the NC, it is possible to define a generic potential [38]:

wP,Q =
EP − EQ

kBT
(3)

where EP and EQ are two generic energy levels. In particular,
the dimensionless potential u betweenEF andEI is defined as:

u =
eϕ

kBT
(4)

where kB is the Boltzmann constant, T is the temperature and
ϕ is the potential difference:

ϕ =
EF − EI

e
(5)

At any point inside the NC, the electron volume density, ne
is given by [38]:

ne = 2

∫ ECU

EC

DC(E) · f(E)dE (6)

where ECU is the upper edge of the CB, DC(E) is the density
of states, which is the number of states per unit energy per unit
volume [38]:

DC(E) = 4π

(
2m∗

e

h2

) 3
2

(E − EC)
1
2 (7)

where h is the Planck’s constant, m∗
e is the effective electron

mass in the CB which is equal to 0.4 times the electron mass in
the case of ITO and In2O3 [36], while f(E) is the Fermi-Dirac
distribution function given by [38]:

f(E) =

(
1 + exp

(
E − EF

kBT

))−1

(8)

The use of the density of states expression for bulk structures is
justified by the absence of quantum confinement effects (discus-
sion in Supplementary Material). In (6), the factor two in front of
the integral is due to the fact that each state in the CB can host two
electrons of opposite spin. It must be highlighted that, usually,
the integration limitECU is replaced with+∞ to account for the
fact that the integrating function vanishes exponentially at high
energies. To compute this term, approximated expressions are
used [37]. However, in this case, we selected this value iteratively
by looking for a value large enough to ensure the convergence
to a solution and to achieve an accuracy no larger than 1%. By
replacing (7) and (8) into (6), we get:

ne = 4π

(
2m∗

e

h2

) 3
2
∫ ECU

EC

(E − EC)
1
2

1 + exp
(

E−EF

kBT

)dE (9)

Rearranging (9), we obtain:

ne = 4π

(
2m∗

ekBT

h2

) 3
2

F 1
2
(u− wC,I) (10)

whereFj(η) is the integral Fermi-Dirac function defined as [39]:

Fj(η) =

∫ EP

EQ

xj

1 + exp (x− η)
dx (11)

being j ∈ Z+, η and x the variable and the dummy term,
respectively.

Similarly, the hole volume density in the VB, ph, is [38]:

ph = 2

∫ EV

−∞
DV (E) [1− f(E)] dE (12)

where DV (E) is the number of quantum states in the VB per
unit energy per unit volume, which is given by [38]:

DV (E) = 4π

(
2m∗

h

h2

) 3
2

(EV − E)
1
2 (13)

where m∗
h is the hole’s effective mass in the VB equal to 0.6

times the electron mass in the case of ITO and In2O3 [36]. In
(12), the lower integration limit is taken to -∞ based on the
assumption thatEF is several kBT above the bottom of the VB.
Finally, by inserting (8) and (13) in (12), we obtain:

ph = 4π

(
2m∗

hkBT

h2

) 3
2

F 1
2
(wV,I − u) (14)

Once the electron and hole densities are obtained, to determine
the charge density in any point (see (2)), information on the
charge concentration due to ionized impurities is needed. We
assumed that the impurity concentration is sufficiently low to
consider the occupation of each site independently, i.e., the states
are non-interacting. Under this assumption, a simple model for
donors and acceptors can be used. Donors are considered neutral
impurity atoms, each of which can release an unpaired electron
thus becoming positively charged; while acceptors are atoms of
impurities that can gain an electron (which goes into a coupled
state) thus becoming negatively charged. Given the energy level
and the concentration of the donors, ED and ND, respectively,
the concentration of electrons in donor sites can be found as [40]:

ρD = ND

(
1 + 2 exp

(
EF − ED

kBT

))−1

(15)

where the coefficient 2 in (15) is the ground-state degeneracy
of the donor impurity due to the possibility for the electron
occupying a given donor site to be of either spin [37], [41],
which can be rewritten in terms of potentials:

ρD = ND

(
1 + 2 exp

(
u− wD,I

))−1

(16)

The expression for the occupation of the acceptor sites can
be found similarly to (15), just considering that, in this case,
the electron must be paired [37], [41]. The acceptor electron
energy, EA, and the concentration of acceptor sites, NA, can be
combined to obtain the concentration of electrons in acceptor
sites, ρA:

ρA = NA

(
1 + 2 exp

(
EA − EF

kBT

))−1

(17)

Again, in terms of potentials, we have:

ρA = NA

(
1 + 2 exp

(
wA,I − u

))−1

(18)
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TABLE I
PARAMETERS USED IN THE SIMULATIONS.

TABLE II
NON-EQUILIBRIUM CB AND VB LEVELS FOR ITO AND In2O3 [36].

Finally, by inserting (2) in (1) and replacing (10), (14), (16),
(18) in (2), then (1) reads as:

∇2u = − e2

ε∞(r)ε0kBT

(
ND

1 + 2 exp (u− wD,I)
+

− NA

1 + 2 exp (wA,I − u)

+ 4π

(
2m∗

hkBT

h2

) 3
2

F 1
2
(wV,I − u)+

− 4π

(
2m∗

ekBT

h2

) 3
2

F 1
2
(u− wC,I)

)
. (19)

B. Pre-Photodoped NCs

When dealing with spherical NCs, we solved numerically the
Poisson’s equation (19) using the built-in Mathematics module
of the Comsol Multiphysics v5.6 (Comsol Inc., Burlinghton,
MA, USA) FEM software. The variable is discretized by us-
ing quadratic Lagrange element and a free triangular mesh
is used in the NC analysis domain. The built-in Multifrontal
Massively Parallel sparse direct Solve tool, with a non-linear
Newton solver is adopted, with pivoting, row pre-ordering, an
initial damping factor τd = 10−4 and a maximum number of
iterationsNiter = 103. Numerical simulations are run setting the
parameters according to [42], see Table I.

The non-equilibrium CB minimum (EC ), VB maximum (EV )
and intrinsic band (EI ) levels for ITO and In2O3 used in the
simulations are listed in Table II, where EI = 0 eV is set for
ITO as a reference.

In the case of NCs consisting of a single material only (ITO
NCs), energy levels, number and concentration of donors, rela-
tive dielectric permittivity and high-frequency dielectric permit-
tivity are spatially constant. For a combination of different ma-
terials (ITO-In2O3 core-shell NCs), we modeled the elemental
composition of the materials by introducing a radial-dependent
permittivity profile (ε∞(r)), non-equilibrium bandgap energy
(Eg = EC − EV ), and a radial-dependent donor distribution

Fig. 2. Electron density profiles in a core-shell structure of ITO-In2O3 with
Rcore = 5.5 nm and different shell thickness (ts = 0 nm, 1 nm, 2 nm, 3 nm
and 4 nm). .

profile (ND = ND(r)) to take into account the material-
dependence of the NCs. In our case, the diffusion effects on
the ITO-In2O3 core-shell NCs are investigated by introducing
two different donor concentration levels for ITO and In 2 O3,
ND,core andND,shell, respectively. Therefore, we considered the
donor distribution profile as follows:

ND(r) = ND,shell +
ND,core

1 + exp

(
ksh(r −Rcore)

) (20)

whereND,shell = 1021 m−3,ND,core = 1026 m−3 are taken from
experimental data in [36], andRcore = 5.5 nm is the radius of the
core. Different shape factors, i.e.,ksh = 5, 25 and 100, are consid-
ered in solving the Poisson’s equation. This analysis pointed out
that differences in the electron density profiles are negligible for
different ksh > 1The spatially-dependent carrier density profile,
i.e., ne(r), inside a NC is first solved for different parameters,
see Fig. 2. As previously reported in [36], the effect of the
Fermi level pinning on the equilibrium conduction band profile
is modelled by considering different fixed NC surface states
(ES) and introducing additional electronic interfaces (core-shell
system).

We found that ne(r) is enough to completely suppress the
metallic behavior of carriers close to the NC surface (Fig. 2).
According to the surface level pinning ES , the carrier density
profile at the surface determines a region depleted of carriers,
which effectively suppresses the metallic behaviour at the sur-
face, thus confining the free electrons in an inner region. As
a result, this depletion region effectively acts as a dielectric.
When ES increases from 0 eV to 2 eV, we observed an increase
in the depletion layer width, which affects a larger fraction of
the NC volume. The introduction of a shell layer with different
thicknesses (ts) which acts as an additional electronic interface
beyond the surface of the nanoparticle, is another parameter that
allows controlling the depletion layer and the carrier density
profiles. Fig. 2 shows the tuning of the carrier density profile
in the ITO-In2O3 core-shell NC system. Here, ES = 2 eV is



64 IEEE JOURNAL ON MULTISCALE AND MULTIPHYSICS COMPUTATIONAL TECHNIQUES, VOL. 8, 2023

set [36]. It is important to underline that, in the core-shell system
under analysis, two electronic interfaces occur: ITO-In2O3 and
In2O3- NC surface. While in uniform NCs, i.e., ts = 0 nm,
the carrier density profile is determined by the radial depletion
region near the NC surface, the addition of a shell layer with
increasing thickness modifies the depletion layer resulting in a
double-bent carrier density profile. With increasing ts, a more
pronounced bending of the carrier density distribution is ob-
served, showing a non-trivial profile. The double bending can be
explained by a redistribution of free carriers into the shell, while
the donor sites ND(r) remain fixed. The carrier density in large
regions of the undoped shell (In2O3) reaches values larger than
1026 m−3. These effects can be further extended by introducing
different materials or by combining several materials together
in other core-shell NCs structures and/or multiple materials
sequentially in core-multishell NC architectures [36].

C. Post-Photodoped NCs

In this subsection, the electronic structure of core-shell NCs
is investigated out of the equilibrium conditions by introducing
multiple free-charge carriers with photodoping [16], [43], [44],
[45]. This analysis aims to determine the effect of photodoping
on the carrier density distribution of the system. In this way,
we go beyond the results shown in Fig. 2 while assessing the
dynamic, post-synthetic variation of the carrier density profiles
via light-induced charge injection (photodoping). Hence, taking
into account the ITO-In2O3 system, we solved Poisson’s equa-
tion with the numerical methods introduced before. The effect
of the photodoping is intended to be an “on-off” effect that does
not depend on the frequency of the impinging source. For this
reason, we simply included additional generation (G(r)) and
recombination (R(r)) wavelength-independent terms into the
Poisson’s equation [46]:

∇2u = − e

ε∞(r)ε0kBT
ρ(r) +G(r)−R(r) (21)

Notably, the recombination effects are neglected, i.e.,R(r) = 0,
since the media surrounding the NC acts as an hole scavenger
suppressing carrier recombination [36]. On the other hand,
the generation term G(r) �= 0 extends the Poisson’s equation
representing the spatial distribution of the extra free carriers
introduced into the system via photodoping. The generation term
can be modelled by the following Gaussian distribution [46]:

G(r) =
Nmax

V
· 1

σf
√
2π

exp

(
r −RNC

σf

)
(22)

where Nmax is the peak number of photoelectrons introduced,
V is the volume of the NC, σf is the shape factor that rules
the spatial distribution of the photoelectrons into the NC, whose
radius is RNC. Here, the terms Nmax and σf have been derived
from experimental results in [36], [42]. In particular, the σf
term is numerically tuned to reduce the discrepancy with the
experimental findings reported in [36].

The comparison of the carrier density profiles both pre- and
post-photodoping is shown in Fig. 3. Similarly to the non-
photodoped case discussed in section II-B, when increasing
ts a bending of the carrier density distribution occurs and

Fig. 3. Electron density profiles simulated for a ITO-In2O3 NC with Rcore

= 5.5 nm and different shell thickness (ts = 0 nm, 1 nm, 2 nm, 3 nm and 4 nm)
pre- (dotted lines) and post- (solid lines) photodoping. The largest variations in
ne post-photodoping occur towards the edge region of the NC with a significant
rise of carrier density in the shell region.

the observed double bending becomes more pronounced upon
photodoping in all samples, thus affecting the carrier density
distribution. Indeed, post-photodoping, for samples calling for
ts > 2.7 nm, the carrier density profile approaches a step func-
tion with two distinct density levels in a two-step profile. The
maximumne achieved in the NC shell differs from the one in the
core, reaching values of around 4 · 1026 m−3, while the carrier
density in the core remains almost constant.

III. OPTICAL SIMULATION

We assume a time-harmonic plane wave excitation, linearly
polarized along the x-direction while propagating along the
z-axis, with intensity of 1 Vm−1, that impinges a penetrable
object placed in a bounded 3D domain Ω. In the latter, both
outside and inside regions Maxwell’s equations are satisfied
(Fig. 1). The dielectric properties, i.e., the space-dependent
complex permittivity of the space, are defined as:

ε(r) = εmε0 outside Ω

ε(r) = εr(r)ε0 in Ω (23)

where εm = 2.27 is the relative permittivity of the surrounding
medium (toluene) [42] and εr(r) is the space-dependent com-
plex permittivity:

εr(r) = ε′r(r)− iε′′r(r) (24)

where ε′r(r) = 	{εr(r)} and ε′′r(r) = 
{−εr(r)} are the real
and the imaginary part of the complex permittivity, respectively.
By considering the analytical solution of Maxwell’s equations
in the case of an electromagnetic field interacting with a spher-
ical particle, it is possible to derive a set of field expressions
expanded in the spherical coordinate system [23]. From the
Lorenz-Mie wavelength-dependent complex scattering electric
(aq) and magnetic (bq) coefficients, it is possible to rigorously
quantify the NC electric properties and size contributions to
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the overall scattering behavior. The determination of aq and bq
coefficients requires the solution of the boundary value prob-
lem, i.e., the continuity of all the components of the tangential
field at the interface, assuming that the solutions consists of
functions that vanish at infinity. The aq and bq coefficients are
described by a set of functions that consists of a combination
of spherical Riccati–Bessel (ψq = xjq(x)) and Riccati–Hankel

(ξq = xh
(1)
q (x)) functions of the first kind:

aq =
mψq(mkr)ψ

′
q(kr)− ψq(kr)ψ

′
q(mkr)

mψq(mkr)ξ′q(kr)− ξq(kr)ψ′
q(mkr)

bq =
ψq(mkr)ψ

′
q(kr)−mψq(kr)ψ

′
q(mkr)

ψq(mkr)ξ′q(kr)−mξq(x)ψ′
q(mkr)

(25)

where the superscript ′ means derivative with respect to the
dummy variable x, q is the order of the Bessel function, k is
the wavenumber of the impinging light and m is the relative
complex refractive index, defined as:

m2 = (ν − iκ)2 =
εr
εm

(26)

where ν is the refractive index and κ is the extinction coefficient.
To describe the energy balance between the scattering and
extinction mechanisms within Ω, the far-field scattering and
extinction cross-section efficiencies are typically considered.
The extinction (Qext), scattering (Qsca) and absorption (Qabs)
cross-sections can be expressed as a combination of the Lorenz-
Mie coefficients as follows:

Qext =
2π

k2

+∞∑
q=1

(2q + 1)	{aq + bq}

Qsca =
2π

k2

+∞∑
q=1

(2q + 1)
(|aq|2 + |bq|2

)

Qabs = Qext −Qsca (27)

First, we evaluated the ratio between the absorption and scat-
tering coefficients (Qabs/Qsca) for uniform ITO NCs with ne =
1027 m−3 having a radius varying from 1 nm to 20 nm and
considering a wavelength dependent response between 290 nm
and 2000 nm. For every point of the NC, the resonant condition
for the plasmonic peak can be obtained from the complex-valued
dielectric function of the NC, which is given by a Drude model:

ε(ω, r) = ε∞(r)− ω2
p(r)

ω2 + iωγ(r)
(28)

where ωp =
√

ne(r)e2

ε0m∗
e

is the bulk plasma frequency and γ(r)
is a damping term that provides the free-electron description
inside the NC. The frequency-radial distribution of the complex
electric permittivity simulated for the considered NCs is shown
in Fig. S2 (Supplementary Material), where panels a, b, e and
f (c, d, g and h) refer to pre-photodoped and post-photodoped
NCs, respectively. In the range of values spanning between -135
< ε′r < 5 and -370< ε′′r < 0 we found that by setting q = 10 in
(27), Qsca << Qabs applies within our range of interest. This
means that the scattering contribution to the optical response
can be neglected (i.e., extinction and absorption components

Fig. 4. Ratio between the absorption and scattering coefficients by varying
real and imaginary parts of the complex permittivity of a single nanocrystal
when the wavelenght of the incident light is 290 nm and the radius of the NC is
r = 10 nm. The red dashed box highlight range of the values considered in this
study.

are equivalent). In addition, for the range of r and k values
considered in this work, i.e., r · k ≤ 1, the extinction and scat-
tering cross-sections reduces to the first term of the series (27).
The latter is a sufficient condition to describe the dissipation of
light by absorption and scattering, which in the case of linear
regime of r · k limits to the well-known relationship for Rayleigh
scattering [47]. Hence, it can be stated that scattering is negligi-
ble and the extinction can be approximated with the absorption.
Moreover, it is possible to highlight that, although in the range of
εr values obtained for the NCs under investigation (see the area
bounded by the red dashed box in Fig. 4) the absorption process
dominates over the scattering one. Prospectively, it would be
interesting to study materials calling for ε′r > 0 as they present
resonances where absorption is even more efficient. For this
reason, it has been evaluated Qabs/Qsca by varying real and
imaginary parts of the complex electric permittivity in the range
[-400, 400] while setting the NC radius and the wavelength of
the incident light r= 10 nm and λ= 290 nm (λ = 1

k ), see Fig. 4.
From the latter analysis, it is straightforward to observe that by
varying εr, the absorption-to-scattering ratio is dominated by
the absorption, even in the limit case for which r

λ
= 0.03.

A. Power Balance Model

In this subsection, we evaluated the near- and far-field re-
sponses of the NCs under analysis with the purpose of correlating
their carrier concentration profiles and their optical properties.
Indeed, owing to the proportionality between ωp and ne, the
plasmonic resonances represent a source of information for the
doping processes occurring in NCs [48], [49], [50]. In fact, at
the interface between the NCs and the medium, the real part of
the dielectric function changes sign across the interface, thus
showing coherent delocalized electron oscillations (i.e., surface
plasmons). In NCs of size comparable to or smaller than the
wavelength of light used to excite the plasmon, a localized
surface plasmon (LSP) occurs, as a result of the confinement
of a surface plasmon. In resonance conditions, the coupling of
the incident radiation with LSP leads to a loss of energy when



66 IEEE JOURNAL ON MULTISCALE AND MULTIPHYSICS COMPUTATIONAL TECHNIQUES, VOL. 8, 2023

Fig. 5. Simulated absorption spectra (a and b) and electric field distribution
(c-j) of the NC under analysis. Panels a and b refer to pre-photodoped (black line)
and post-photodoped (red line) ITO NC consisting of the core only (ts = 0 nm)
and to pre-photodoped (black line) and post-photodoped (red line) ITO-In 2 O3

core-shell NC with ts = 4.25 nm. Panels from c and d refer to the electric field
distribution (in Vm −1) at 4900 cm−1 for the only core NC and the core-shell
NC, respectively. Panels e, g and i refer to the electric field patterns of the ITO
NC at ω = 3700 cm−1, 5300 cm−1 and 5700 cm−1, respectively, while panels
f, h and j refer to the electric field patterns of the ITO-In2 O3 (ts = 4.25 nm)
core-shell NC at ω = 3700 cm−1, 5300 cm−1 and 5700 cm−1.

transmitted to the plasmons, resulting in a maximum absorption.
Frequencies of light below the resonance are reflected by a
material because the electrons in the material screen the electric
field of the light. This principle can be used for shielding pur-
poses. Hence, we coupled the radial carrier distribution already

obtained by solving numerically the non-linear Poisson’s equa-
tion with the high-frequency formulation of Maxwell’s equation
relating the carrier density of the NCs to the plasmonic resonance
and simulating the absorption spectra. The frequency-domain
equations are given by the lossy Helmholtz’s wave equations:

∇2E+ (μεω2 − iμσω)E = 0

∇2H+ (μεω2 − iμσω)H = 0 (29)

where σ is the electric conductivity and μ is the magnetic
permeability. The power associated to the electromagnetic wave
traveling into (or radiated from) the NC (inside the Ω domain)
can be expressed as a flux integral of the inward-directed (or
outward-directed) normal component of the Poynting vector
over the surface ∂Ω [51], [52]. In addition, similar expressions
can also be derived for scattered and extinguished power by
integrating the associated components of the Poynting vector.
First, the time average Poynting vector can be decomposed into
its total time-harmonic field (E, H) components [51], [52]:

Stot =
1

2
Etot ×H∗

tot = Stot = Sinc + Ssca + Sext (30)

where Sinc, Ssca and Sext represent incident, scattered and extin-
guished components, respectively, where

Sinc =
1

2
Einc ×H∗

inc (31)

Ssca =
1

2
Esca ×H∗

sca (32)

Sext =
1

2
(Esca ×H∗

inc +Einc ×H∗
sca) (33)

Please note that, here, the incident fields (Einc, Hinc) are the
fields generated by the sources in the absence of the scatterer.
Then, it is possible to derive the relations needed to evaluate
the absorbed, extinguished, scattered and radiated powers. The
absorbed power is defined as the power traveling into the NC and
is given by the integral of the inward-directed normal component
of the Poynting vector. By applying Poynting’s theorem and the
divergence theorem, the absorbed power in terms of volumetric
quantities is found as follows:

Pabs = −©
∫∫

∂Ω

Stot · n̂ (34)

where n̂ is the outward-directed surface normal. The power
associated to the extinction process is the total power removed
from the incident field (i.e., the sum of the absorbed and the
scattered powers) due to the presence of the NC. As for the
extinction power, it can be obtained as:

Pext = −©
∫∫

∂Ω

Sext · n̂ (35)

Finally, the power scattered from the NC is given by the
integral of the outward-directed normal component of Ssca over
∂Ω:

Psca = −©
∫∫

∂Ω

Ssca · n̂ (36)
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Hence, according to (34)–(36), it is straightforward to express
the scattered power as the difference between the extinction
power and the absorbed one:

Psca = Pext − Pabs (37)

B. Numerical Simulations

In this subsection, we numerically simulated the NCs optical
response by using the Electromagnetic Waves, Frequency Do-
main module of COMSOL Multiphysics software. The electric
field vector was discretized with quadratic Lagrange elements
and a frequency domain direct Newton solver (τd = 1, Niter =
103) was used. Free triangular mesh elements for the NC and
the surrounding medium were used, while a swept mesh was
used for the perfectly matched layer. We focused on ω ∈ [500,
10000] cm−1, with a 100 cm−1 step. Numerical simulations
are performed on two showcase NCs calling for ts = 0 nm (only
core) and ts = 4.25 nm (core-shell structure).

The real and the imaginary part of ε(ω, r) obtained from
the Drude model by varying ω and the point in the NC are
shown in Fig. S2a-d and S2e-h for only core and core-shell NCs,
respectively (Supplementary Material). First, we simulated the
far-field optical spectra of the NCs from ne(r) by varying ts and
photodoping conditions, see Figs. 5 a,b and S3 (Supplementary
Material). Fig. 5 a shows the corresponding absorption of a
single NC calculated using the effective dielectric function of
the ts = 0 nm NC, with a peak at 4900 cm−1 (2041 nm, in
the NIR wavelength region). In the pre-photodoping case (black
plot), the spectrum is ruled by strong resonance in the near-
infrared region which is likely due to localized surface plasmon
resonances resulting from free electrons in the highly doped
semiconductor (1027 m−3, Fig. 3). After the introduction of
charge carriers (post-photodoping, red plot), a stronger localized
surface plasmon resonance peak is observed. In the case of the
pre-photodoped ts=4.25 nm NC depicted in Fig. 5 b (black plot)
and Fig. S3a (Supplementary Material), we observe a shift of the
localized surface plasmon resonance upon shell growth, with a
peak at 5300 cm−1 (1887 nm – NIR), which is due to the presence
of the shell that modifies the dielectric properties of the space
surrounding the NC. After photodoping (red plot), two peaks
appear in the spectrum (3700 and 5700 cm−1 corresponding to
2703 and 1754 nm), indicating a more complex carrier density
profile within the core-shell NC which induces an independent
resonant mode, generated by a sufficiently high carrier density
in the NC shell. These results show that shielding properties can
be controlled by changing shell thickness and/or photodoping
conditions (Fig. S3, Supplementary Material).

We also simulated the near-field optical properties inside and
surrounding the NCs, see Fig. 5 c and d for the core only NC
(ts = 0 nm) and Fig. 5 e-j for the core-shell NC (ts = 4.25 nm).
We depicted the near-field intensity pattern around the NCs
for eight different cases: the electric field evaluated for a NC
calling for ts = 0 nm pre- and post-photodoping at the resonance
frequency (4900 cm−1) as well as the electric field evaluated
for a NC calling for ts = 4.25 nm pre- and post-photodoping
at 3700 cm−1, 5300 cm−1 and 5700 cm−1, all excited at the
maxima localized surface plasmon resonances.

Numerical simulations suggested that the maximum intensity
of the electric field is lower for thicker shells and that an increase
in the depletion layer leads to a decrease in the maximum
near-field intensity when exciting at peak frequencies. It is
important to point out that the increased electric field is largely
confined within the upper dielectric shell. This loss in near-field
enhancement is the result of the stronger contribution of the high
refractive index shell. However, near-field excitation at longer
wavelengths than the localized surface plasmon resonances peak
allows the field confinement to extend to larger sizes and into
the surrounding dielectric medium. Although in this case the
increase of the maximum field is slightly lower, it provides a
solution to overcome the confinement of the field within the NC
volume. These effects are further enhanced post-photodoping
the NCs, also showing that in the case of a core-shell NC, a
splitting of the plasmon resonance occurs due to the presence of
two distinct levels of ne, as shown in Fig. 3, which lead to two
distinct frequencies of plasma oscillation.

IV. CONCLUSION

In this study, we investigated the optical response of ITO-
In2O3 core-shell nanocrystals in static and dynamic (i.e.,
photodoping) conditions and for different core-shell architec-
tures, illustrating the evolution of the dielectric function and
the absorption peaks in the near-infrared region. Metal oxide
nanocrystals are promising candidates to be used for multi-
spectral electromagnetic shielding purposes due to their abil-
ity to block infrared radiation together with ultraviolet pho-
tons, combined with high transparency in the visible range.
The experimental results obtained by means of numerical sim-
ulations show that the absorption spectrum of doped metal
oxide nanoparticles can be engineered both during and af-
ter synthesis to better match the targeted electromagnetic
interference.

We foresee the development of thin film fabricated by spin-
coating ITO-In2O3 core-shell nanocrystals with thick shells
(i.e., ts > 3 nm) and subsequently photodoped with ultravi-
olet treatments, as effective shielding coating for transparent
screens for vehicles, aircraft and for the next-generation elec-
tronic devices. Moreover, similar colloidally-stable doped metal
oxide nanocrystals, adapted to be environmentally friendly and
skin-compatible, could be employed as photoprotective topical
products (e.g., sunscreens) to shield ultraviolet radiation via
absorption, preventing sunburns and several kinds of skin cancer.

IV. SUPPLEMENTARY DATA

All the data generated in this study has been deposited in the
Zenodo database under accession code https://doi.org/10.5281/
zenodo.7193366.
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