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CBETOIIOTAOIIAIOIMAA CITOCOBHOCTD I'MTIEPKPUCTAAAOB
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1)Ee/zopycczcuﬁ eocyoapcemeentblil yHusepcumem, np. Hezasucumocmu, 4, 220030, e. Munck, Berapyco

Annomayus. Vicnons3oBaHa TEOPHsI HJIEKTPOMATHUTHBIX BOJIH B HEMarHUTHBIX MHOTOCIOWHBIX THIIEPKPUCTAJLIIAX,
OTIPEZICTICHBI UX CIIEKTPAJIbHBIC CBOWCTBA M 3aMMCAHBI AUCTIEPCHOHHBIC COOTHOIICHHS AJIs1 OOBIKHOBEHHOH 1 HEOOBIKHO-
BeHHOM BoJH. [Toka3aHo, 4TO OTpakeHHe BOJIH OT THIEPKPUCTAIIA OIABIISAETCS, B TO BPEMs KaK IOIIIOIEHHE BOJIH B I'H-
MEPKPUCTAIIIE BO3PACTACT, €CJIU €T0 BOJHOBOM MMIIEIaHC COMIACOBAH C UIMIIEJAHCOM OKpyKaromiel cpensl. [Ipu nzyuennn
TIOTVIONIATEBHBIX CBOWCTB TMIIEPKPHUCTAIIIOB 00paliaeTcsi BHUMaHUE Ha 3aBUCUMOCTD MOTIIOLICHUSI OT TOJIIMH BXOJISIIUX
B rUINepKpucTani ciaoes. [loaydeHo, yTo MUK CEKTpa MONIOLEHHS PACTET C YBEJIMYEHUEM TOJIIHUHBI Pa3IeIUTEIEHOTO
JIMRIIEKTPUYECKOTO CIIOSI 1 CMEIIAeTCsl B 00JIaCTh JUIMHHBIX BOJIH. YCTAHOBIICHO, YTO 3aBUCHMOCTb MTOIVIOIICHHUS OT 0N
METajula B CTPYKTYpE 331a€TCs TUCTIEPCHOHHBIMU CBOWCTBAMH THIIEPKPUCTAIIIOB (60Jiee HU3KOE TOTIIOMIEHHE OTMEIEHO
JUls OONBIINX J10JIeH MeTaiIa). BennunHbl 1MKa MOMIOMIEHHs U IIHMPHHBI 30HbI MOIVIOIIEHNS MOTYT MEHATHCS B 3aBHCH-
MOCTH OT YHCJa CIIOEB, JOCTHTras TpeOyeMbIX 3HaueHUi. Pe3ysbTaTsl HACTOSIIEr0 UCCIICIOBAHMUS HAMIYT IPUMEHEHHE
B HAaHO(OTOHUKE U (PUBUKE COTHEUHBIX HIIEMEHTOB JUIsl IIMPOKOIIOJIOCHOTO YBEIHMYCHUS ITOVIOIIECHHS SJIEKTPOMAarHUTHOTO
U3ITy4YEHUSsI.

Knrouesvie cnosa: OJICKTPOMAarHvuTHas BOJIHA, FHHep6OHH‘ICCKHﬁ METaMarepurall; THIICPKPUCTAIII; TTOTTIOMICHUEC, UM~
neaaHc.
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LIGHT ABSORPTION ABILITIES OF HYPERCRYSTALS
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Abstract. Here, we employ the theory of electromagnetic waves in non-magnetic multilayer hypercrystals to deter-
mine their spectra and derive dispersion relations for ordinary and extraordinary waves. We demonstrate that the reflection
of a hypercrystal vanishes, while the absorption increases, if its wave impedance is matched to that of the surrounding me-
dium. We study the absorption properties of hypercrystals focusing on absorption dependence on thicknesses of available
layers. We reveal that the peak values of absorption increase for thicker spacer layer, while the wavelength at the peak is
red-shifted. Dependence on the filling fraction of metal is shown to be strongly dependent on the dispersive properties
of hypercrystals exhibiting lower absorption for greater filling fractions, while the absorption peak value and absorption
bandwidth can be tailored with number of layers. This research might be useful for maximsing absorption to achieve
a broadband perfect absorber on the hypercrystal platform.

Keywords: clectromagnetic wave; hyperbolic metamaterial; hypercrystal; absorption; impedance.
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Introduction

Hypercrystals [1] have attracted attention in recent years due to their extraordinary properties prospective
for the development of novel optical devices. One of the key challenges of hypercrystals is improving their
absorption capabilities owing to capturing and utilisation of the incident light. By optimising the absorption
characteristics of hypercrystals, researchers aim to maximise their performance in applications such as photo-
voltaics, photocatalysis, and photodetection. Several approaches have been proposed to enhance absorption in
hypercrystals.

The first approach is based on the design and engineering of the hypercrystal structure at the nanoscale by
tailoring the geometrical dimensions (size and shape) and the sequence of the involved elements. Plasmonic
nanoparticles embedded in a hypercrystal is a good example of light absorption enhancement technique caused
by the localised surface plasmon resonance. Another strategy exploits light trapping in hypercrystals due to the
confinement and multiple scattering of light in the photonic structure. The multiple scattering increases absorp-
tion by means of the elongation of the optical path length, being realised using surface texturing, photonic crys-
tals and waveguides. Light-absorbing materials and dyes incorporated into hypercrystals are a straightforward
mean of absorption enhancement. Organic or inorganic chromophores widen the absorption spectral range
of hypercrystals. The abovementioned approaches are very useful for applications as multispectral imaging
and solar energy harvesting. Below we give recent references on the light absorption in hypercrystals. In the
work [2] was employed plasmonic nanoparticles to raise light absorption and short circuit current density of
GaAs solar cells. Authors in the work [3] employed a hyperbolic metamaterial nanoparticle structure to form
structured surfaces with near-perfect absorption properties. Magneto-optical hypercrystals proposed in [4] can
serve as a unidirectional light absorber operating in a wide range of angles.

This paper examines hypercrystals composed of alternating dielectric layers and hyperbolic metamate-
rials (HMMs) [5-7]. The paper focuses on the first approach mentioned above, which involves varying the
dimensional and structural properties of hypercrystals to achieve enhanced absorption. The aim is to achieve
a wider range of optical modulation over a wider range of optical wavelengths, as well as improved light
absorption. The research is conducted for normally incident visible light. The study is focused on impedance
matching of waves in the hypercrystal and those in an ambient medium to facilitate reflection reduction and,
consequently, enhance absorption. The stack of layers is altered to achieve as great absorbance as possible.

Description of waves in hypercrystals

Figure 1 shows the structure of a hypercrystal [1] comprising a periodical array of two layers, which are the
hyperbolic and natural media. The hyperbolic metamaterial achieves its special properties due to the compo-
sition of alternating silver metal (A) and silicon dielectric (B) layers. A natural medium (C) or, in other words,
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a spacer is either air or glass. By varying the structural properties of the hypercrystals we aim at reaching as
much hypercrystal’s absorbance as possible. Here we consider the hypercrystal as stack of layers ((AB),,C)-.
The lower index shows, how many periods we take, €. g., (AB),, means 10 periods of layers A and B. The pe-
riod of the hypercrystal is much smaller than the free-space wavelength as d < A, but well above the unit cell size
of the hyperbolic metamaterial d > a.

il

N s N
Silver Silicon

==

a

Air or glass

/

akd<g ),

Fig. 1. Structure of the hypercrystal as a periodic variation
of the composite hyperbolic and dielectric media

Electromagnetic wave propagation is a hypercrystal can be described as follows. At first, we solve the Maxwell
equations in each homogeneous slab with its own isotropic dielectric permittivity € and magnetic permeability
u = 1. We take the plane of incidence to be the plane XZ and the axis Z is the direction of stratification [8] as
shown in fig. 2, where k; is the wave vector of the incident wave and k. = be, is the component of the wave vector
along the axis X. Then we use the boundary conditions to determine the reflection and transmission coefficients.
Generally speaking, the theory of waves in multilayer systems [9—11] is involved for finding characteristics of
reflected and transmitted electromagnetic waves in multilayer hypercrystals.

z Air

Fig. 2. Schematic of the wave reflection and transmission

Absorption properties of hypercrystals

Dispersion of a hypercrystal. Dispersion causes light waves of different wavelengths to propagate at different
speeds in hypercrystals, which can affect the phase and amplitude of the light waves, and therefore the absorption
properties of the hypercrystals. Dispersion can be defined as dependence of the wavevector on the frequency,
the real and imaginary parts of which govern the phase and the amplitude, respectively.

6
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Photonic hypercrystal comprises alternating layers of air and hyperbolic metamaterial, the latter being
composed of alternating metal layers and dielectric layers. Considering silver metal layer and silicon dielectric
layer as constituents of the hyperbolic metamaterial and an air layer as a dielectric spacer, one can get a sphe-
rical and ellipsoidal refractive surfaces corresponding to respectively ordinary and extraordinary waves in the
hypercrystal as an effective uniaxial crystal.

So, let us discuss how the dispersive properties of photonic hypercrystals may affect its absorptivity. Light
waves of various wavelengths have different speeds in the hypercrystal, thus, resulting in different interaction
times with the composite material and causing a spectral shift in the position of an absorption peak. The disper-
sion also influences the intensity of light absorption in the hypercrystal exhibiting its wavelength dependence.
When resonance conditions in the hypercrystal are met, the dispersion can cause the propagation of light waves
to align with the absorption peaks of the material, resulting in increased absorption at those wavelengths.

Impedance matching of a hypercrystal. In this subsection, we calculate the absorption spectrum of the
hypercrystal in conditions of impedance matching that is assumed to increase the absorptivity of the hypercrystal.
We consider the wave incidence from an air to the hypercrystal and the impedance matching means that the im-
pedance of the hypercrystal coincides with that of the surrounding air. With the impedance matching, the reflected
intensity is strongly suppressed. At the same time, the absorptivity may increase up to 1, if the transmissivity is
about zero due to a highly reflective substrate behind [12; 13].

The hyperbolic medium is composed of a 3 nm metal layer and a 6 nm dielectric layer with a permittivity
of 1. Hypercrystal has a periodic stacked structure ((AB);,C),s.

To determine the impedance, the retrieval technique developed in [14] can be used. The retrieval procedure

implies finding refractive index n and wave impedance z (or dielectric permittivity € = g and magnetic perme-
ability p = nz) basing on the reflection and transmission spectra.

A scattering matrix (S) relates the incoming field amplitudes to the outgoing field amplitudes, and can be
directly related to experimentally determined quantities [14]. The elements of the matrix S can be found using
the elements of the transfer matrix and eventually read as

1

Sz1 = S12 = ; e
cos(nkd) - 2[2 + Z)sm(nkd)

(1)

and
i1 .
=8, = é(z - ZJ sin (nkd ). (2)

Equations (1) and (2) can be inverted to find the wave impedance in terms of the scattering parameters as [14]

3)

Thus, determining the matrix S elements S, = r and S,, =7 exp (ikyd ) from the transfer-matrix approach, we
can calculate the impedance. We can notice that in reflectionless conditions the impedance equals unity. And
vice versa, if the impedance z = 1, then the reflection vanishes.

Real part of the impedance computed according to equation (3) is depicted in fig. 3, a. The impedance is
close to 1 (the impedance of the ambient medium) at an incident wavelength of 643 nm, which well corresponds

to the wavelength of absorption peak shown in fig. 3, b, the absorption being calculatedas 4 =1— |S1 ! |2 - |S2 ! |2.

The impedance matching does not guarantee the perfect absorption 4 = 1 due to the wave transmission through the
hypercrystal. However, if the transmission can be eliminated, for instance, using a mirror right after the hyper-
crystal, then one can expect the perfect absorption at the wavelength of the impedance matching.

Maximisation of absorption for stacked structure ((AB),,C),. Figure 4 demonstrates close absorptivity
of the HMM and the hypercrystal achieved for the 10 nm thick air spacer and the 9 nm thick HMM unit cell.
Both have a peak absorptivity of approximately 0.699 at the wavelengths near 493 nm. Two structures have
almost identical absorption properties. However, what happens if the thickness of the anisotropic layer is in-
creased or decreased?

Variation of the absorption spectral peak is illustrated in fig. 5 for the hypercrystal periodic structure
((AB),(C),. The thicknesses of the metal and dielectric layers in the HMM unit cell of thickness a are equal to
am

a,, and a,, respectively. Filling fraction of the metal is defined as f'=
a,+a,

. To specify the unit cell, we can
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use either thicknesses of layers a,, and a, or the thickness of the cell and the filling fraction as in fig. 5. From

fig. 5, a, we know, how the absorption peak behaves depending on the structure of the HMM unit cell and the
spacer thickness, that is, on the geometry of the hypercrystal unit cell. The number of points in fig. 5 is limited

with the condition > >7. The maximum absorption 0.73 is achieved in this case. For the fixed filling fraction,
the absorption increases, if the thickness of the unit cell increases. It is an obvious consequence of the growth

or the amount of metal. However, the dependence on the filling fraction or the thickness of the spacer is more
complex owing to the dispersive properties of the hypercrystal. We observe that although the amount of metal
decreases, the absorption raises. According to fig. 5, b, the wavelength at the absorption peak has a clear red shift
upon increasing the HMM unit cell at £'= 0.5, but floats for /= 0.3. The dependence on the air spacer thickness
is near linear showing a red shift of the absorption maximum. Figure 5, ¢, demonstrates the absorption peak
characteristics in one graph. Lower values of filling fraction result in greater absorption owing to the stronger
localisation of the electromagnetic field in the metal.

In fig. 5, d, one can see the absorption — wavelength diagram for a glass spacer. We notice the increase
of the maximum absorption and the wavelength at the maximum compared to the air spacer for f'=0.5. How-
ever, the maximum absorption may decrease instead for f'=0.3. In the case of ¢ =7 nm, the dependence
departures from the linear one for the glass spacer covering a wide range of absorption values and keeping
the wavelengths at peaks in a narrow band. Such a behaviour might me related to the resonant response of the
hypercrystal, when the deviations cease to be incremental.
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Fig. 3. Real part of the wave impedance (a) and absorption spectrum (b)
of the hypercrystal ((AB),,C),, the hypercrystal achieved
for the 10 nm thick air spacer and the 9 nm thick HMM unit cell
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Fig. 4. Absorption spectrum of the HMM composition (AB), (a)
and absorption spectrum of the hypercrystal composition ((AB);,C); (b).
Dielectric (A) and metal (B) have the same thicknesses 4.5 nm,
while the dielectric spacer is 10 nm thick
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Fig. 5. Absorption (a) and wavelength at the maximum (b) versus thickness of the air spacer;
absorption at maximum versus wavelength at maximum (c¢); comparison of maximum absorption
and maximum wavelength between air and glass spacer (d)

Absorption spectrum in the case of the maximum absorption for the hypercrystal ((AB),,C), is depicted in
fig. 6, a. The half-width at the half maximum of the peak equals 81 nm. The absorption can be enhanced due to
the increase of the number of layers in the hyperbolic metamaterial. Indeed, the absorption approaches 0.84
for the structure ((AB),,C),. Such a growth of absorption is associated with the increase of the amount of metal
in the system.
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Fig. 6. Absorption spectrum of the hypercrystals ((AB),,C), () and ((AB),,C), (b)
(dielectric and metal of 6 and 3 nm thickness, air spacer thickness 10 nm)
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Conclusions

We have considered hyperbolic metamaterials consisting of alternating silicon and silver layers and periodic
hypercrystals comprising these hyperbolic metamaterials and a spacer in the visible spectral range. Using the
theory of wave propagation in multilayer systems, we have written the dispersion relation of waves in hyper-
crystals and demonstrated the appearance of ordinary and extraordinary waves in such an effective anisotropic
material. We have revealed the link between the impedance matching condition that suppresses the reflection
and absorption peak for a hypercrystal. We have investigated the absorption ability of different compositions
of hypercrystals differing with the thicknesses of the silicon, silver and spacer layers. This research might be
useful for maximising absorption to achieve a broadband perfect absorber on the hypercrystal platform.
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