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Abstract: We demonstrate that efficient broadband absorption of infrared radiation can be
obtained with deeply subwavelength spherical dielectric particles covered by a thin metal layer.
Considerations based on Mie theory and the quasi-static approximation reveal a wide range of
configuration parameters, within which the absorption cross section reaches the geometrical
one and exceeds more than by order of magnitude the scattering cross section in the infrared
spectrum. We show that the absorption is not only efficient but also broadband with the spectral
width being close to the resonant wavelength corresponding to the maximum of the absorption
cross section. We obtain a simple analytical expression for the absorption resonance that allows
one to quickly identify the configuration parameters ensuring strong infrared absorption in a
given spectral range. Relation between the absorption resonance and excitation of the short-range
surface palsmon modes in the metal shell of particles is demonstrated and discussed. Our results
can be used as practical guidelines for realization of efficient broadband infrared absorbers of
subwavelength sizes desirable in diverse applications.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Electromagnetic radiation absorbers are components in which the incident radiation at operating
wavelengths can be efficiently absorbed and then transformed into ohmic heat or other forms of
energy. Thereby, neither transmission nor reflection is produced when a wave passes through a
perfect absorber. Recent advances in plasmonics and metamaterials research together with the
progress in nanotechnology, especially in nanofabrication techniques, resulted in the development
of novel configurations of electromagnetic absorbers. These absorbers utilize localized surface
plasmon polaritons and often involve metamaterial-based approaches to achieve smaller absorber
volumes, sufficiently efficient performance along with the design flexibility based on configuration
geometry rather than materials used [1-7]. Practically perfect absorbers have been realized within
a wide range of frequencies, including terahertz [8], microwave [9], infrared [10] and optical [11]
band have been investigated. Absorbers targeting specific characteristics, such as, for example,
polarization insensitive [12], wide-angle [13], multi-band [14] and broadband absorption [15],
have been developed by exploiting different design approaches. Moreover, multi-band [16] or
broadband [17] absorbers that are simultaneously insensitive to the polarization and feature
wide-angle have also been demonstrated experimentally. One would however like to simplify the
absorber design while keeping these attractive features, although the requirement of polarization
and angle insensitive performance severely narrows the range of possible configurations.
Design challenges increase significantly when considering the infrared absorbers, because
plasmonic characteristics of metal-based configurations deteriorate rapidly for long wavelengths
[18]. Thus, it is well-known that at low frequencies, due to sharp increases in metal dielectric
constants and especially in their imaginary parts, unique properties of localized surface plasmons
practically disappear, resulting (among other things) in a drastic decrease of the radiation
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absorption by individual small metal particles [19]. This behaviour significantly restricts the
usage of small metal particles as effective radiation absorbers in the infrared range. In general,
small particles would efficiently absorb radiation only when their dielectric constants are of
the same order as those of their environment, otherwise incident electromagnetic fields do not
penetrate the material of particles [20]. Realizing that this material matching can be facilitated
by using composite materials, one is led to the idea of exploiting core-shell (dielectric-metal)
particles for efficient and isotropic infrared absorption. Note that the localized surface plasmon
resonance of core-shell spherical structures has been a subject of numerous investigations during
last two decades, notably for exploring its tunability [21,22] and implementation of "cloaking"
effects [23, 24].

In this article we show that the resonant efficient and broadband absorption of electromagnetic
radiation can be obtained in the infrared spectral range by tuning the geometrical and material
parameters of spherical metal-coated dielectric particles. In the search for efficient isotropic
infrared absorbers, we identify a special range of parameters of core-shell dielectric-metal
spherical particles of subwavelength sizes [21,22], viz., nm-thin shells of "bad" metals with
approximately equal in magnitude real and imaginary parts of dielectric constants, that allows
one to realize subwavelength-sized isotropic, efficient and broadband infrared absorbers with
negligibly small scattering properties (the latter can also be important for some applications). We
also derive a simple and yet accurate (in the aforementioned parameter range) relationship that
allows one to quickly identify the configuration parameters needed for the practical realization
of the efficient absorption in a given wavelength range and with given materials. Moreover, we
demonstrate that the absorption resonance of nm-thin-shell (core-shell) subwavelength-sized
particles is connected with the excitation of short-range surface plasmon modes [25] excited in the
particle shells, which is a novel and important physical interpretation of light interaction with nm-
thin-shell metal-dielectric particles. Note that, in general, short-range plasmon (slow-plasmon)
investigations attract significant research attention at present time [26].

We use two well established theoretical methods (Mie theory and the quasi-static approximation)
in our investigations of the absorption properties of the core-shell particles in the infrared. This
approach allowed us to cross check the accuracy of the quasi-static approximation, which is
important for arriving at the simple design relationship that we established in our article.
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Fig. 1. Nanoshell particle parameters: &1, €;, and &3 are the dielectric permittivities of the
core, shell, and environment medium, respectively, R; is the core radius, and R, is the total
particle radius. k and E are the wavevector and electric field of an incident plane wave.

€3

2. Theoretical model

Let’s consider plane wave scattering by a spherical shell particle with parameters shown in Fig.
1. In the quasi-static approximation (kR, << 1, where k is the wavenumber in environment
medium with &3) the dipole moment of particle is determined by the following expression [21]

p = 4neoesR; XE, (1
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where E is the incident wave electric field at the particle centre, gy is the vacuum dielectric
constant,
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The electric dipole polarizabilty « of the particle is determined by the expression p = «E. The
extinction cross section oy, in the dipole approximation is

ko
= ——Ima, 3
Text 80\/5 ma. (3)

where kq is the wavenumber in vacuum. Inserting in Eq. (3) the polarizability in quasi-static
approximation one obtains the absorption cross section
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For the scattering cross section we obtain
4

k
Osca = ?087T8§R§|)(|2 ®)]

Assuming that
lea| >> &1, &3 (6)

and using that y = —1/2 + 3¢ /(4&;) we get
18(1 — n)ezel

ImX ~ ’ 72
[3(e1 + 2&3) + 2(1 = )&y |* + 4(1 — n)%e;,

@)

and 2
o 6= 20 a1 e ®
[3(s1 + 2e3) + 2(1 — )&} ? + 4(1 — n)2e>

where €7 = gé + isé’. The absorption resonant condition is
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where we assumed that (—&}) > 0. For n ~ 1 the resonant condition Eq. (9) can be rewritten as

g1+ 2¢3
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where Ag is the thickness of the particle’s shell. At the resonance condition, the absorption and
scattering cross sections become as follows
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Fig. 2. Dielectric permittivity of Ti. "exp" means the experimental values from [27]; "app"
means the polynomial approximation.

respectively. Estimating the ratio o-fbs JaR . one arrives at the additional condition that should
be imposed on the shell material for the absorption to significantly exceed the scattering.
Considering |&}| ~ &} one obtains o-fbs/ aR . ~1/(koRy)* >> 1, i.e., the absorption dominates
the scattering for relatively small particles. For good metals with |&}| >> &', one obtains
o-fbs JoR , ~[1/ (k0R2)3][sé’ /€511, so that the absorption and scattering cross sections can have
similar values, if [1/ (k0R2)3][sé’ /1€5|] ~ 1. Thus, for the realization of strong and dominant
absorption, one should choose poor shell metals with |¢]|/&)" ~ 1. Additionally, as follows from
the resonant condition Eq. (10), the resonant shell thickness Ag ~ Ry/|&}| and may formally
become very (nonphysically) thin for materials with extremely large |£]|. Here we assumed that
€1 and &3 correspond to dielectrics and do not significantly different from that of air or glass.
The above analysis demonstrates that the resonant light absorption could be implemented in
different spectral ranges where the quasi-static approach is applicable and the condition Eq. (10)
is satisfied. Note, that at deep subwavelength dimensions, nanoresonators can often be viewed as
"Fabry-Perot cavities" involving slow-plasmon modes that, at resonance, form standing waves
being reflected at structure terminations [25,26]. It might however be difficult to directly link
these two interpretations for curved geometries because of lack of corresponding expressions
for slow-plasmon modes. The quasi-static expression for the slow-plasmon mode (short-range
surface plasmon polariton) propagation constant real part in a planar dielectric-metal-dielectric

configuration reads [28]:
N & +&3

B A5|8

—. (13)
4
Requiring that SR = 27 with R being the average of the two radii (R = [R] + R;]/2) leads to
the resonance condition in the form:

e +é&3

AS ~ R TR
2|&;]

(14)

We think that the difference of this expression and the condition Eq. (10) can be attributed to the
difference in the slow-plasmon mode propagation constants for planar and spherical geometries.
At the same time, the scaling with respect to the most important configuration parameters, the
shell thickness, particle radius and metal constant, is identical: the resonance position is preserved
if A5|.9£|R_1 =~ const.
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Fig. 3. (a) Spectra of the absorption efficiency calculated by Mie theory for particles with
Ry =500 nm and different T'i-shell thickness Ag. (b) Corresponding spectra of the scattering
efficiency. The blue line in (a) corresponds to the absorption resonance calculated in the
quasi-static approximation. Note that the scale of (b) is decreased by 5 times compared to

that of (a).

3. Results

The relatively simple condition Eq. (10) derived above allows one to quickly identify the
configuration parameters ensuring strong infrared absorption in a given spectral range. In order
to get the strong absorption in the infra-red region we consider a dielectric particle with R; = 500
nm, g; = 2.25, and covered by a thin titanium (7%) shell. The Ti dielectric permittivity &, = er; is
presented in Fig. 2. For example, er; = —281 +i290 for the wavelength 4 = 10 um. Applicability
of the quasi-static approximation is checked by comparisons of results with calculations in the
frame of Mie theory [20]. It should be mentioned that, as far as the choice of dielectric core
materials is concerned, there exist various materials, for example KBr, KCI, BaF,, NaCl and
others, for which &; ~ 2.25 in the broad spectral range around A ~ 10 um [29].
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Fig. 4. (a) and (b) The scattering and absorption efficiencies for the Ti-shell-core spherical
particles calculated by Mie theory (MT) and the quasi-static approximations (QS). Ag is the
thickness of the Ti-shell. The parameters of the system are presented in the main text. (c)
Ratios between the absorption and scattering cross sections. The particle are located in air

with g3 = 1.
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Figure 3 demonstrates the absorption and scattering efficiencies Q (the absorption and scattering
cross sections divided by the aria of particle geometrical section 7TR§) calculated using Mie
theory for different wavelengths A of incident waves and for different shell thickness Ag. One
can see that the absorption significantly exceeds the scattering in the considered spectral range
with the absorption becoming progressively dominant for longer wavelengths. Positions of the
absorption resonance obtained from Eq. (10) and presented in Fig. 3(a) by a blue line agree with
the general calculations.

From the results presented in Fig. 4 one can see that description of the absorption resonance in
the quasi-static approximation provides best agreement with Mie theory for particle with very thin
shells Fig. 4(a). In this case the resonant absorption is realized in a broad (A1 = 10um) spectral
region around A = 10um and its maximum efficiency is equal to almost 1. With increasing of
As the resonance is shifted to the blue side with decreasing of its width (Fig. 4(b)). However,
the relation between the resonant wavelength Ag and the width of absorption band A1 = Ag is
preserved. Spectral development of the ratio between absorption and scattering cross sections is
presented in Fig. 4(c). When the shell thickness is 2 nm, the resonance absorption cross section is
60 times larger than the scattering cross section. This difference strongly decreases with increase
of the particle shell: for Ag = 10 nm this ratio is equal to only 5. Interestingly to note that
the resonant absorption and scattering efficiencies grow very fast when increasing the particle
shell thickness. Moreover, the scattering cross section increases faster that the absorption cross
section. Such behaviour demonstrates that the strong absorption effect for thin shell particles
can be considered as a configuration resonance of the total structure. The relative absorption
increase for thinner shells can be attributed to the increase of damping of slow-plasmon modes.
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Fig. 5. (a) and (b) The scattering and absorption efficiencies for the Ti-shell-core spherical
particles calculated by Mie theory (MT) and the quasi-static approximations (QS). Ag is the
thickness of the Ti-shell. (c) Ratios between the absorption and scattering cross sections.
The parameters of the system are presented in the main text. The particles are located in
medium with €3 = 1.69. The wavelengths are shown in vacuum.

Importantly that the considered effect is also observed for the cases when particles are located
in dielectric medium with €3 # 1. Results presented in Fig. 5 confirm this. With increasing of
&3 the absorption efficiency Q increases too and can exceed the efficiency for air environment.
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Here we can again observe large differences between the resonant absorption and scattering cross
sections (Fig. 5(c)) for small shell thicknesses as a consequence of the configuration resonance.

Concluding, let us consider what absorption and scattering properties in the infrared can be
obtained for the shells made of gold, Au, a metal which is frequently in plasmonics. Figure
6 presents the absorption and scattering efficiencies calculated with Mie theory for dielectric
particles (g1 = 2.25) covered by Au-shells (g, = £4,). Dielectric permittivity of gold in the
infrared is taken from [30]. In contrast to the T'i-shells, the Au-shells do not ensure the dominance
of resonant absorption over scattering (compare Fig 6(a) and Fig. 6(b)) for the reasons discussed
above in the section "Theoretical model". Gold exhibits too large differences between |&]| and
&5 in the considered spectral range (for example, &, ~ —755 +i107 for 4 ~ 4 um). Moreover,
for large wavelengths (larger than A ~ 5 um in Fig. 6(a)) the resonant shell thicknesses become
smaller than 1 nm because of rapid increase of |&}| for gold (for example, |&}| ~ 2244 for A = 7
pum, and |&]| =~ 4326 for 4 ~ 10 um.) One can therefore conclude that the usage of Au is very
problematic for realization of broadband absorbers in the infrared optical range.
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Fig. 6. (a) and (b) Spectra of the absorption and scattering efficiency calculated by Mie
theory for particles with Ry = 350 nm and different Au-shell thickness Ag. The particles
with g = 2.25 are located in medium with g3 = 1.
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4. Conclusion

In summary, it has been shown, that subwavelength spherical dielectric particles covered with a
thin metal layer can serve as a very effective absorber in the infrared spectral range. An important
feature of such absorbers with spherical symmetry is their independence on the angular and
polarization orientation of the incident radiation. In addition, a simple analytical model and
expressions, obtained in the quasi-static approximation for description of the absorption resonance,
can be used for identification of the configuration parameters required for the implementation
of strong absorption in a given spectral range. It has further been shown that the demonstrated
absorption resonance can be realized for medium having different dielectric constants, an
important feature that expands application perspectives of the investigated structures. Moreover,
it has also been revealed that the absorption resonance is connected with the excitation of short-
range surface plasmon modes excited in the particle shells. We believe that our results provide
new important information and practical guidelines for the realization of subwavelength-sized
isotropic, efficient and broadband infrared absorbers with negligibly small scattering properties
utilizing the excitation of short-range plasmon modes.
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