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Phenomenological model of a broadband optical absorber
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Modelling of the process of electromagnetic wave absorption in a composite layer of nanotubes is carried out
on the basis of the phenomenological model of the composite layer of an anisotropic black body. The anisotropic
black body model allowed to achieve a small reflection and absorption coefficient of more than 95% in a wide
wavelength range, which agrees well with the experimental data.

Keywords: broadband absorbers, carbon nanotubes, black body model.

DOI: 10.21883/0000000000

Introduction

Ultra-wideband absorbing coatings are used in a wide
range of modern optical systems [1-4], including scattered
light absorbers to improve the resolution of sensitive
spectroscopes, telescopes, microscopes, and optical sensor
devices, solar cells [5], for countering visual-optical and
optoelectronic reconnaissance [6] and in gravitational inter-
ferometers [7], such as LIGO and Virgo, where scattered
light can introduce significant noise into the signal at the
detector.

The studies devoted to perfect optical absorbers based
on metamaterials are of particular interest [8-10]. Most
optical absorbers depend on the direction of emission of
electromagnetic waves, which greatly limits their use in
solar cells, plasmon sensors and thermal emitters, since
they can completely absorb light only in narrow angle
ranges [1,2].  Therefore, special attention is paid to
angle-insensitive absorbers due to their ability to almost
completely absorb light at any angle of incidence [11-14].
The Massachusetts Institute of Technology presented a
unique material Vantablack [15,16] in 2019 that absorbed
up to 99.965% visible light and had a nanoscale average
surface roughness of oriented carbon nanotubes (CNT).
In the following years, nanostructured absorbing materials
based on a forest of vertically-aligned multi-wall carbon
nanotubes (VAMCNT) became a key subject in the field
of studies of superabsorbing ultra-wideband materials.

When studying diffraction by tin screens or bodies with
thin-film coating, it is convenient to use the method of
approximate boundary conditions (ABC). For example, two-
sided impedance ABCs are obtained in Ref. [17], including
for a ,black coating, which were used to simulate the
characteristics of wave scattering by bodies with absorbing
coating. For dielectric layers, thin films with curvature, thin
metal gratings, etc., two-sided ABC are introduced, in which
the thickness of the screen or coating is much less than the
wavelength.
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Two models were used to theoretically simulate the
absorption of electromagnetic waves in the sample.

The first model is a two-dimensional periodic structure of
vertical dielectric absorbing cylinders of finite height on a
dielectric substrate. The study method is based on the solu-
tion of volumetric integro-differential equations for dielectric
bodies [18]. Calculations show that it is possible to obtain
almost 100%-absorption in a narrow wavelength range. It is
possible to obtain a small reflectance in a wider range, but
at the same time a large transmission coefficient is obtained.
Therefore, this model does not describe the experimental
results well. This can be explained by a number of reasons:
CNTs are arranged randomly, they have different lengths,
they are not perpendicular to the substrate, etc.

The second model is a modification of the Sommerfeld
model of black body. From the point of view of electro-
dynamics, the equality of the characteristic resistances is
necessary for the absence of reflection from the interface of
media. At normal wave incidence from vacuum (air) the
absorber should have

u=¢, Ime > Ree. (1)

This is a well-known blackbody model proposed by
Sommerfeld [19].

The purpose of this work is to develop a simple mathe-
matical model of an ultra-wide-band anisotropic absorbing
layer and apply it to the theoretical study of the optical
characteristics of absorbing coatings, including those based
on the CNT forest.

The studied structure is shown in Fig. 1. Absorbing
dielectric layer of CNT with complex magnetic ¢ and dielec-
tric & permeability, in accordance with the proposed Som-
merfeld blackbody model, satisfies the conditions u = ¢,
Ime > Ree. Such a model well describes the absorption
characteristics at low angles of incidence ¢ < 20°. We
propose an anisotropic blackbody model to describe the
broad-band absorption (see Appendix): the absorbing layer
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Figure 1. A two-dimensional model of the heterostructure of an
anisotropic dielectric layer on a substrate.

is replaced by an anisotropic dielectric with complex ¢ and
&EU=¢&

g 0 0 H 0 0
&= 0 8” 0 R ,[l = 0 ,uH 0 . (2)
0 0 € 0 0 wuy
symbols ,,||“ and ,,1“ denote tensor components parallel

and perpendicular to the substrate plane.

The anisotropic model corresponds
anisotropy of the CNT coating.

The introduction of anisotropy (2) has almost no effect
on the results at small angles of incidence ¢, however, it
results in a large (by an order of magnitude) reduction of
the reflectance at @ > 30°. Let’s consider the reflectance
from the interface of a vacuum-—semi-infinite anisotropic
dielectric to explain these results. The reflectance will look
as follows for s-polarization:

to the spatial

1—n 1
n=-—/—7m7——
\/l—sinz(p Hil
(3)

At small angles ¢, it is sufficient to achieve the condition
n =~ 1to get Rs ~ 0, if we put

a ! sin?
My

By =€, (4)

u and g should be complex for the wave to attenuate in
the dielectric. The ideal case Rs =0 at any angles ¢ is
theoretically possible if the following condition is met:

popy =1 (5)

The condition (5) is impossible for complex u, but,
as shown by calculations it is possible to obtain a small
reflectance at large angles of incidence if the following
condition is met

Rep Rey) ~ 1. (6)

It is necessary to replace u with € in expressions (2)—(6)
to obtain expressions for p-polarization.

Therefore, it is sufficient to enter one parameter ¢ to
describe the absorbing coating. It should be emphasized
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that y, € are just model parameters, not values of CNT
dielectric and magnetic permeability. Therefore, u # 1 does
not mean that CNTs have magnetic properties.

Figure 2 shows the results for a layer with &) = 15 —2.9i.
The remaining parameters are determined by the formu-
las (1), (6). The dielectric constant of a semi-infinite
substrate €3 =9. The calculations for the isotropic layer
g =p =15-2.9i, e, =pu, =1 are also provided. The
reflectance is an order of magnitude less at large angles of
incidence.

The proposed model is in good agreement with the
results of measurements of the parameters of commercial
absorbent coatings [20,21] (Fig. 3—5). Fig. 2—4 show that
the anisotropic blackbody model allows achieving a low
reflectance and high absorption over over 95% in a wide
range of wavelengths — 8:1. It should be noted that the
coefficient of reflection from a thin layer is determined by
the product he” (Fig. 5).

Therefore, the results of modeling the amplitude-
frequency characteristics of electromagnetic wave absorp-
tion in a composite layer of nanotubes performed by the
composite layer of an anisotropic blackbody are provided.
The frequency dependences of the power reflection coeffi-
cient were obtained for the anisotropic blackbody model
at different angles of incidence of s- and p-polarized
radiation. It was found that the anisotropic blackbody
model makes it possible to achieve a low reflectance and
absorption coefficient of more than 95% in a wide range
of wavelengths, which is in good agreement with data from
other sources.

Results of theoretical modeling of optical characteristics
of ultra-wideband absorbing coatings based on wood CNTs
can be used to develop a wide range of devices containing
perfect absorbers that are insensitive to the absorption angle.

Appendix. Anisotropic blackbody model

For solving the problem of absorption of electromagnetic
waves in a composite layer, as shown in Figure 1, let’s con-
sider an incident wave with a semi-infinite region / of free
space onto an absorbing anisotropic layer 2 with a thickness
of h, described by the complex permittivity tensor (1) and
lying on a semi-infinite substrate 3. The layers / and 2 of
isotropic materials have magnetic permeability u; = uz =1
and dielectric permittivity of the real €; and &3, respectively.

Let’s consider the incidence of s-polarized
wave Eg(Ep,0,0) from the region I, where
Eo = exp(ikyx —ikzy), ky =ksing, k; =kcosp, k —
wave number, ¢ — the angle of incidence of the wave,
measured relative to the normal to the surface of the
layer 2.

Using Maxwell’s equations, it is possible to obtain the
wave equation [22] in the layer 2

uy %E(y,z) | 9°E(y.2)
py o dy? 922
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Figure 2. Coefficients of transmission T and reflection R in power from isotropic (lines with markers) and anisotropic layers with
permittivity & = 15 — 2.9i lying on a semi-infinite substrate with permittivity e3 = 9.
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Figure 3. Frequency characteristics of the absorbing coating [20].
Black curve — experiment from the article [20], red curve —
calculation at e =3 —i2.5, uj =2.6 —i2.5, e, =u1 = 0.33,
h=14um.
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Figure 4. Another approximation of the results [20] by an

anisotropic layer with a high dielectric constant. h = 2.4um.
e=30—i¢g". &" varies linearly from 0.5 at A =2um to 2 at
A =25um.

The equation (N1) will have the following form if we
consider the axis z directed along the normal to the surface

Technical Physics, 2024, Vol. 69, No. 3
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Figure 5. Frequency characteristics of the absorbing coating [21].
Black curve — experiment from the article [18], red curve —
(h=0.1um, &' =10, ¢” = 26) with a square symbols — (0.2,
5,13), with asterisks — (0.4, 2.5, 6.5).

of the layer 2 and E(y, z) = E(z) exp(ikyy)

d’E(z) L=
2 T E(z) =0, (A2)
where b
L2 2
vy =Kue) — Zky-

The wave equation will have a similar (N2) form
for areas 1 and 3 if p7 is replaced by y;7 = k’en — kg,
n=1,3.

The solutions of the wave equations (N2) for layers /—3
will have the following form

exp (Hy1(h—=2))+Rexp(iy1(h—2)), z>h,
Eio)- { Mt o<zch
T exp(iysz), z<0,

where R — reflectance, T — transmission coefficient and
coefficients A=1+ R, B=T, which can be determined
from the condition of continuity of E(z) at interface.

It follows from the condition of continuity of H(y, z) at

the interface that:
72 (1+Rjcos(y2h) =T

- =iy1(1 = R),
M sin(y2h) 7l )
y2 (1+R)—Tcos(p:h) .
= - =ip;T.
M| sin(y2h) .

Solving this system of equations with respect to Rand T,
we obtain an expression for calculating the power reflection
coefficient for s-polarized wave:

( v
I
2 .
(& + 293 sin(ah) 1 221 + 3) cos(pah)
(A3)

— p173) sin(ah) +1 2 (1 — y3) cos(ph)

=
=TSt

Rs:

B
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It is necessary to replace H < E and ¢ < —ufor p-of the
polarized wave in all formulas, including (N3). Since for
a completely black body e = u, the reflectances for both
polarizations will be the same.
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