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We suggest a new strategy for tailoring and enhancing the
absorption of light by multilayered nanowires. We use the
multipole expansion method and experimental data for di-
electric and plasmonic materials and demonstrate that the
absorption for one of the polarizations can be substantially
enhanced due to an overlap of different resonant modes in
nanowires. We show that our approach can be employed
for a design of multiband tunable optical absorption across
a wide spectral range for both TE and TM polarizations.

Light absorption and its enhancement in nanostructures, in-
cluding spherical and cylindrical geometries, is fundamen-
tally important,' and can be used in various applications,
including light detection at the nanoscale and selective color
absorption. In biology and medicine, the absorption of in-
frared light by noninvasive cell-tracking nanoparticles leads to
the improvements in the cancer diagnostics techniques and de-
tection of infectious microorganisms.* In physics, quantum-
engineered superabsorption is used for improving optical sen-
sors and light harvesting technologies.® Solar cells and ther-
mophotovoltaic devices also benefit from larger light absorp-
tion which significantly improves their efficiency. 014

To achieve higher absorption, various strategies and
geometrical designs have been analyzed. Perfect ab-
sorbers 520, omnidirectional absorption by reflectionless
impedance matching in periodic arrays and nanoscale grat-
ings?!=23, and spatial trapping of resonances in semiconduc-
tors to improve the solar energy conversion* have been stud-
ied. Wide-band thin super-absorption, using hyperbolic meta-
materials =7 and black-bodies?®3° using plasmonic reso-
nances are also introduced.

One important technique to obtain higher absorption by
nanostructures is spectrally overlapping several absorption
resonances, for example by using Mie and leaky/guided
modes in nanowires, 3! or by overlapping the resonances from
different polarizations3>33. Enhancement of the absorption
for one polarization (either TE or TM) has been also sug-
gested by utilizing two resonant modes32. However, to the
best of our knowledge, the strategy for overlapping multiple
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Fig. 1 Schematics of the problem: electromagnetic plane wave is
incident on a multilayer nanowire whose layers are made of silicon
and silver.

resonances and its tunability is not comprehensively studiea
in neither plasmonic nor all-dielectric structures.

In this Letter we introduce a highly tunable approach for
overlapping various absorption resonances of different modes.
in either TE or TM polarizations. By using experimental data
for material parameters3*3>, we design and analyze superab-
sorption by multilayer nanowires with the total absorbed ¢
ergy being substantially larger than that achieved in homo-
geneous structures of the same size. Herein, by adding one
plasmonic (silver) or dielectric (aluminium arsenide) shell tc
a silicon nanowire, we demonstrate an overlap of up to four
different absorption resonances of the same polarization. Wwe
demostrate that, the substantially enhanced absorption occurs
mostly in the semiconductor layers which is important for
photovoltaics and solar-cell applications.

The absorption cross-section (ACS) in two-dimensional
case is calculated as o? = pPbs /Ip, where P s the ab-
sorbed power and Iy is the incident power density, both per
unit length. Absorption by nanowires can be studied in cylin-
drical coordinates, and ACS can be presented as a superpo-
sition of absorption contributions from different cylindrica!
modes. This decomposition can generally be presented as
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Fig. 2 Spectrum of the total absorption cross-section for TE
polarization, as well as contributions of individual modes for solid
(a) silicon and (b) silver nanowires. The figure shows
non-overlapped absorption resonances of different modes in solid
dielectric and their concentration close to the plasmonic resonance
wavelength in metallic nanowires.

o4 =Y _o% where 6¢ is a single mode ACS and 7 is the
mode number.*® The spectral behavior of absorption of each
mode is a function of the size and material parameters of the
nanowire.

In a single nanowire, mode degeneracy of the positive and
negative orders appears due to the azimuthal symmetry. Their
contribution to the absorption is equal across the spectrum,
except for n = 0 mode. The absorption spectrum also de-
pends on material parameters. In solid metallic nanowires the
absorption is considerable only close to the plasmonic res-
onance frequency and relatively small everywhere else. In
solid dielectric nanowires, several resonances exist, but they
are well spaced in the frequency domain, so that the overlap
between them is not substantial. To overcome these restric-
tions of enhancing the absorption, here we introduce multi-
mode absorption approach, aiming at a design of structures
that have several resonances co-existing at a selected fre-
quency. To achieve this, we engineer multilayer nanostruc-
tures whose absorption is enhanced far beyond the single-
mode limit. We use a genetic optimization algorithm37-3°
(GA) and define a fitness function for a three-layer nanowire
as F(ri,r,r3) = max{ACS(Aops,r1,12,73)}, Where A, indi-
cates the operating wavelength. This optimization process al-
lows to design the enhanced absorption at any selected wave-
length, or even simultaneously for several frequency bands.
The details of the developed GA, definition of genes and chro-
mosomes, and other details can be found in previously pub-
lished works>’.

From the energy conservation for non-radiating modes, the
6% can be written as 6¢ = 6¢ — ¢°, where 6¢ and G° are ex-
tinction and scattering cross-sections, respectively. We con-
sider an infinite multilayer nanowire shown schematically in

Fig. 1. An incident plane wave is assumed to propagate in the
x direction. For TE polarization (the electric field is perpen-
dicular to the cylinder axis), the magnetic field can be wri.-
ten as H" = & Hye i@ +2m™"'reos(9)  \where @ is the polai
angle in the cylindrical coordinates. By using the multipole
expansion method to describe the interaction of light with a
nanowire, *>#! the total field can be presented as

I pyior in(o+%) [l (1)
H!=Hope ™ Y e Tudn (Bir) +pubn” (Bir) |, (1)

n=—o0

where B; = 2nA ! [g (k)]% , Hp is the amplitude of the inci-
dent plane wave, J, and H,El) are the n-th order Bessel and
Hankel functions of the first kind, respectively; n is the mode
number, [ is the layer number, L is total number of layers, ana
index L+ 1 corresponds to the surrounding medium, €;(A) is
the dielectric constant of the [/-th layer at wavelength A. Am-
plitudes of partial waves in the [-th layer t/ and p/, are found
by solving the boundary condition equations for the continui.,
of the tangential components H, and E,. Additionally, we [~ -
p} = 0 to avoid singularity of Hankel functions in the centre of
the nanowire, and T5! = 1 for each n to describe the incident
plane wave in cylindrical coordinates. For TM polarization
an expression similar to Eq. (1) can be written for E/, and the
expansion coefficients can be found by satisfying the bound-
ary conditions for the tangential components of fields E, and
Hy.

Here we mention that small-size plasmonic nanoparticles
may have dielectric constants quite different from those of
bulk materials.*?> When the size of a nanowire becomes com-
parable with the electron mean-free path, the collision fre-
quency should be modified. The small-size effect is analyt-
ically described for the Drude model of metal permittivity,
however in present work we use experimental data that de-
viates from the Drude model, which is given by € = €, —
0)%, /(0% + iyo), where for silver €., = 4.96.3* In order to ac-
count for the small-size effects while using the experime.
tally measured material parameters, we perform the following
steps. For each frequency, we use complex values of exper-
imentally measured permittivity to find plasma frequency ,
and collision frequency 7, so that the Drude formula gives cor-
rect permittivity of a bulk material at this frequency. Then we
modify y, making the following replacement: Yonati—particie =
Youlk + Vf/D, where Vy = 1.388 - 10° m/s is the Fermi velocity
in silver and D is the characteristic size of a metallic struc-
ture. Finally, by using Ysnaii— parricie in the Drude formula, we
obtain the real and imaginary parts of the corrected dielectric
constant, 3842

Now by solving the boundary condition equations and ob-
taining the expansion coefficients, the ¢* which for infinite
cylindrical structures is defined as the ratio of the scattered
power per unit length to the incident energy flux per unit
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Fig. 3 Optimized nanowires for multiband absorption for both polarizations for Si-Ag-Si configuration. Figures (a, b, d and e) correspond to
different multilayer structures with the radii of the layers shown above panels. Outer radius is fixed at 100 nm and 135 nm for TE and TM
polarizations, respectively (the same as in Fig. 2). (c) and (f) demonstrate field profiles and energy flow lines. The light is trapped and

absorbed in the semiconductor material.

length, can be found as: 404! ¢° = 22yt _|pl+1|2 The ex-
tinction cross-section is defined as a ratio of the sum of the
total scattered and absorbed powers per unit length to the in-
cident energy flux per unit length, and it can be expressed
as: 4041 o¢ = 2ty t>  Re{pL*1}. Therefore, ACS for each
mode is found as o) = 65 — ;. We introduce a normal-
ized cross-section, 6 = %G. It can be shown that the single
mode limit of &) and & is equal to unity and 6% is limited
by 0.25, similar to spherical nanostructures.** To overcome
this limit, we propose to overlap several resonances at a given
frequency, so that the combined absorption of multiple res-
onances is larger than that for a single mode. We call such
regime as superbasorption. Clearly, this only becomes pos-
sible, when absorption of each of the involved resonances is
high enough, and we show below, that by using numerical op-
timization it becomes possible to design structures that outper-
form single resonance limit at any desired wavelength within
visible frequency range.

To have a better understanding of spectral distribution of
6%, ACS of solid silicon and silver nanowires is analyzed in
Fig. 2 for TE polarization and similarly this can be done for
TM polarization. The results for a solid silicon nanowire in
Fig. 2(a) suggest that the absorption resonances of different
modes are spread over a wide spectral range, and the total ACS
is almost limited to the summation of positive and negative
orders of a single harmonic. Figure 2(b) shows that in a solid

silver nanowire, the absorption resonances are concentrate
near the plasmonic resonance wavelength, and ACS is rapidly
decreasing to the values under the single-mode limit for the
rest of the spectrum. Spectra with similar features characterize
solid nanowires for TM polarization.

As the next step, we analyze multilayer structures for the
example of Si-Ag-Si geometry, for both TE and TM polariza-
tions. The key strategy to enhance the absorption efficiency
of a nanostructure is to increase the number of supported res-
onances while maintaining the same particle size,*>** which
also provides a meaningful comparison of the ACS in mul’
layer structure with that of the solid nanowires. The results
for the absorption enhancement by multilayer nanowires are
demonstrated in Fig. 3. The results for two different nanowires
are presented in Fig. 3 for both polarizations, showing overlap-
ping of absorption resonances of different modes.

Figure 3(b) demonstrates a superabsorption effect due tc
the overlap of the resonances of four different modes at A =
600 nm. By using the optimization techniques, it is also pos-
sible to design structures that demonstrate the enhanced ab-
sorption for several wavelengths. For example, Fig. 3(e) alsc
shows a specific configuration for which simultaneous super-
absorption is obtained for two different wavelengths within the
visible range.

By comparing Figs. 2 and 3, we notice that we can ob-
tain single-band or multi-band enhanced absorption at wave-
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desired wavelength. Figures 3(a, b) for TE polarization and
Figs. 3(d, e) for TM polarization are for two different multi-
layer structures with different layer thickness that can demon-
strate the superabsorption effect in different parts of the spec-
trum, while having a fixed external radius.

Figures 3(c, f) demonstrate the field profile in the struc-
tures which are optimized for the superabsorption effect at
A =500 nm. The profiles show trapping of light in semi-
conductor layers, which for the example of TM polarization
(Fig. 3(f)) leads to 78% of the enhanced absorption to occur in
silicon.

The energy flow streamlines show how the nanowires ab-
sorb light, effectively collecting light from the area that is
larger than the geometrical cross-section of the nanowire. To
have an in-depth interpretation, we calculate the Poynting vec-
tor singular points known as saddle points**®. The energy
flowing close to this points define the separatrices, which in
this case have the meaning of the interfaces separating the re-
gions where the energy flows into the nanowire and the region
where the energy flows past the nanoparticle. The separatrices
are highlighted in Figs. 3(c, f). Some part of the energy propa-
gating into the nanowires may escape out again without being
absorbed. Therefore, the separatrices indicate the upper limit
for the absorption cross-section. In the presented nanowires
designed for superabsorption at A = 500 nm for TE and TM
polarizations, ACS is equal to 6% = 6% x 24/ = 1.0344 x
2\/m =330 nm and 6%, = 1.2569 x 2A /T = 400 nm, respec-
tively. Comparison of these results with the ACS limit shown
in Figs. 3(c, f), suggests that almost maximum possible energy
is absorbed by the nanowires (more than 90% and 94%, for TE
and TM polarizations, respectively). Relatively strong absorp-
tion of both TE and TM waves in the cylindrical structures can
be achieved by compromising absorption of each individual
polarization. We expect that less polarization sensitive effect
can be achieved in a more symmetric structure such as sphere.

As we have demonstrated, the superabsorption occurs when
we overlap several resonances in the structure. We can reason-
ably expect that these resonances can be of different character,
such as electric as in plasmonic or magnetic as in all-dielectric
structures. In addition to overlapping the resonances, we need
to ensure that these modes should be well absorbing. In gen-
eral, the absorption of the particle in resonance depends on
the resonant mode structure, and there are optimal values of
material loss parameters that provide best absorption. In all-
dielectric structures, absorption in dielectrics may be sufficient
in order to provide efficient absorption, and presence of met-
als are not a necessary condition for creating a super-absorber.
This is demonstrated in Fig.4 by analyzing the absorption
properties of an all-dielectric multilayer nanowire with Si-

normalized ACS
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Fig. 4 (a) Superabsorption effect tuned at A = 600 nm in an
all-dielectric nanowire made of Si and AlAs layers (TM
polarization). The radii are 75, 115 and 135 nm. (b) The electric
field profile and the enhanced absorption of light in the silicon layers
due to the losslessness of AlAs in 600 nm.

AlAs-Si layers in which the superabsorption wavelength is
tuned to A = 600 nm. The enhanced absorption is due to ab-
sorption of light in silicon, as AlAs is practically lossless in
this range of frequency®’.

Finally, we note that applying a similar approach to seve
scattering resonances in a multilayer nanostructure can lead
to the superscattering effect,>*3-5! where the optimal conc"
tions are different due to distinctive near- and far-field reso-
nances. >

In conclusion, we have studied the superabsorption in mul-
tilayer nanowires achieved by overlapping absorption reso-
nances of different modes of cylindrical structures. We have
compared the results for solid nanowires to multilayer struc-
tures of the same size and revealed that by carefully designing
multilayer structures, it is possible to achieve superabsorptior
of light even for the wavelengths that none of the similar solid
nanostructures have considerable absorption. We have calcu-
lated singular points of the energy flow, which allow us to ex-
plain the origin of the superabsorption effect in such struc-
tures. Possibility to precisely tune the superabsorption effect
is also demonstrated by modifying only the size parameter-
in both TE and TM polarizations. The presented approacu
can be used for both enhancement and suppression of ACS,
similar to the scattering enhancement (superscattering effect)
and suppression (invisibility cloaking) by overlapping the res-
onances or minima of the cross-sections of different mode<
respectively.

This work was supported by the Australian Research Coun-
cil.
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Graphical abstract:

Multilayer dielectric and hybrid nanowires make it possible to achieve enhanced, frequency-
selective, multiband absorption of light.




