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Multiple absorption regimes in simple lithography-free structures leading to ultrathin slabs
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Electromagnetic absorbers serve as fundamental components for a wide range of applications, encompassing
energy and heat management, sensing, and communications. In this study, we explore several complex permit-
tivity combinations for lithography-free material-reflector and material-spacer-reflector configurations that lead
to perfect absorption peaks across distinct permittivity regimes and varying thicknesses. We provide an extensive
analysis of angle and polarization dependencies, specifically using silicon carbide as an illustrative example. Our
findings reveal the potential for harnessing different absorption regimes within a single device, thus enabling the
realization of multiband absorption capabilities. Furthermore, we demonstrate perfect absorption linked with
extreme values of permittivity, and we find the conditions to get perfect absorption in ultrathin slabs. In addition,
we carry out an analysis about the response at oblique incidence, and we identify a particular mode in the negative
permittivity region and its hybridization with epsilon-near-zero modes at oblique incidence. This investigation
serves as a valuable standardization of absorber design, offering insights to develop perfect absorbers for infrared
applications such as thermal emission, communications, and sensing.

DOLI: 10.1103/PhysRevB.110.045408

I. INTRODUCTION

The emission and absorption of infrared light plays a
pivotal role in numerous technologies, including thermopho-
tovoltaics [1,2], radiative cooling [3,4], bioengineering [5,6],
sensing [7,8], optoelectronics [9—11], thermal camouflaging
[12,13], and thermal management [14-16], among others.
To harness the full potential of these technologies, there is
a growing need to dynamically modulate the absorption re-
sponse within compact and scalable devices. However, the
performance of such small devices is often hindered by the
limited interaction between light and matter.

This emission or absorption spectrum (in thermal equi-
librium both are identical) can be engineered by means of
resonators based on either cavities or photonic periodic struc-
tures [17-19]. A classical solution is the Salisbury screen,
which has evolved into more intricate multilayer devices [20].
Advanced versatility can be achieved by means of photonic
periodic structures based on metamaterials [21]. However,
their complex manufacturing processes and the necessity for
extremely small features at high frequencies have hindered
widespread adoption. As an alternative, one-dimensional mul-
tilayer structures are gaining popularity due to their simplicity,
cost-effectiveness, and scalability, even though they offer
somewhat limited control over light [22].

In the realm of ultrathin structures, the absorption limit
has been pushed to its boundaries through the utilization of
epsilon-near-zero media (ENZ) [23]. Among its properties,
ENZ media present high light-matter interaction, allowing to
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reduce the device dimensions [24,25]. Notably, a thin perfect
absorber composed of three layers of VO,, aluminum-doped
zinc oxide (AZO) and ZnO, with a combined thickness of
only several hundred nanometers was demonstrated recently
[26]. Furthermore, dynamic emission controlled by temper-
ature variations can be achieved by means of phase-change
materials [27]. In an alternative approach, a metal layer on
top of a silicon carbide (SiC) substrate operating at the ENZ
regime has been proposed as a high impedance surface for
ultrathin absorbers [28] with high angular stability [29]. Even
particle resonances have been exploited to absorb within
atomically thin two-dimensional (2D) materials [30,31], again
with seemingly complex manufacturing.

Despite all this previous work, there is still a gap in
the development of a comprehensive approach for designing
monolayer and bilayer absorbers atop a reflector. While a
significant amount of progress has been made to explain the
critical coupling condition for achieving perfect absorbers
[32], and monolayer ENZ media have already been studied
[33], no work to date has effectively integrated all the req-
uisite characteristics to attain perfect absorption in a broad
range of scenarios. This work covers this gap by presenting
a thorough analysis based on transmission line theory [34] of
various configurations involving single and bilayer structures
to achieve absorption peaks. We specifically focus on two
straightforward scenarios: a slab placed on a reflector and a
slab separated from the reflector by a dielectric layer. These
scenarios were chosen for their simplicity, as they avoid pho-
tolithography and complex multilayer structures. In Sec. II,
we begin by examining a single layer of an arbitrary material
atop a reflective surface. We explore all feasible combinations
of the material’s complex permittivity and thickness that result

©2024 American Physical Society
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FIG. 1. (a) Structure of a generic nonmagnetic and nondispersive
material on top of a PEC with (b) its equivalent circuit.

in absorption peaks while providing an in-depth understand-
ing of the underlying physical principles. Furthermore, we
identify several cases of interest in which absorption peaks
can be obtained using ultrathin structures at both normal and
oblique incidence. Then, we extend our analysis by introduc-
ing a dielectric spacer between the material and the reflector.
To move closer to practical implementation, in Sec. III we re-
place the arbitrary material with silicon carbide (SiC) in both
configurations. This enables us to validate our predictions and
explore the effects of incidence angle and polarization across
different permittivity regimes. Our results are consistent with
existing research on Salisbury screens and ENZ media, and
they also expand upon this knowledge by demonstrating that
incorporating SiC as the resistive layer enables the integration
of both absorption modes. We also prove that low impedance
materials attain perfect absorption, and we emphasize the
importance of the dispersion of the layers to obtain multiband
operation within simple structures. This work contributes to a
deeper understanding of monolayer and bilayer absorbers on
top of reflectors, holding potential relevance for applications
in thermal emission as well as communication and sensing.

II. THEORETICAL ANALYSIS

A. Generic lossy material slab terminated in a reflector

Figure 1 depicts schematically the problem under consid-
eration. It consists in a generic lossy material slab of thickness
[ laying on a perfect electric conductor (PEC) sheet and facing
air on the other side. Such material is nonmagnetic (u = 1),
and its electromagnetic response is fully characterized by a
complex relative permittivity ¢ = ¢’ — je¢” (note that in our
analysis, we consider a time dependence in the form of /).
Assuming plane-wave excitation from the air side, the struc-
ture can be analyzed by an equivalent transmission line (TL)
terminated in a short circuit, as depicted schematically in
Fig. 1(b) and described in [34]. Following this formalism, the
generic material slab is modeled as a TL section of length /,
normalized complex characteristic impedance Z, and complex
propagation constant y:

Z=1/Je =R+ jX, ey

vy = jkov/e = a + jB, @)

where Z stands for the impedance normalized to the air (Zy =
o/€0), R and X are the resistance and reactance values
of the normalized characteristic impedance, ko is the wave

number in air, « is the attenuation constant, and S is the
propagation constant inside the slab.

Applying the typical TL formalism [34], the normalized
input impedance (Zi) and input reflection coefficient (I'j,) can
be calculated as

Zin = Z tanh(y!) = Z tanh(®P), 3)
Fy= 2! 4
m — Z_m+ 17

where ® = yl, and we have implicitly assumed that Z; =
0 , as corresponds to a PEC sheet. The presence of a PEC
at the load prohibits any transmission through the structure,
and therefore any nonreflected power will be absorbed in the
material, which is the only source of losses in this setup.
Hence, the absorbance of the material can be directly calcu-
lated from the input reflection coefficient as A = 1 — |[j,|°.
From this expression, unity absorbance occurs if the input
reflection coefficient vanishes (I';, = 0).

Inserting this condition in Eq. (4), it is found that per-
fect impedance matching at the input, Zi, = 1, is necessary
to get perfect absorption [32]. From Eq. (3), this happens
when

Z = coth(®P). (5)

To investigate the conditions under which absorption peaks
appear, we conducted a thorough analytical study by mapping
the absorbance as a function of ¢’ and &”, with &’ varying
from —5 to 15 and &” from O to 5 for different values of //A
ranging from 0.1 to 2. A variety of absorption peaks were
observed in all cases, including ultrathin substrates, which
will be addressed in subsequent sections. To observe in detail
the evolution of these peaks (marked with black asterisks) as
the thickness increases, Figs. 2(a)-2(c) display the resulting
color maps for three different cases with moderate thickness,
I[/A =0.5,1, and 1.5. The use of relatively thick substrates is
intentional, as they enable clear distinction between different
permittivity regions.

As observed in the figure, all panels exhibit similar quali-
tative behavior. To provide a more in-depth analysis, we will
focus on the case depicted in Fig. 2(c), corresponding to
[/} = 1.5. The absorption peaks (asterisks) coincide with the
points where Z;, = 1, as can be seen by comparing Fig. 2(c)
with Figs. 3(a) and 3(b), which show the magnitude and phase
of Z;, (white and black asterisks). The appearance of these
absorption peaks can be explained by examining the behavior
of Z, as depicted in Figs. 3(c) and 3(d), and coth(®), as illus-
trated in Figs. 3(e) and 3(f). As &” approaches 0, the magnitude
of Z tends to infinity, exhibiting a rapid initial decay before
eventually converging asymptotically to O for larger permit-
tivity values. Figure 3(d) shows that when ¢’ > 0, the phase
of Z is less than 45°, indicating that the real part (Re{Z}) of
the impedance predominates over the imaginary part (Im{Z}).
Conversely when ¢’ < 0 the phase exceeds 45°, indicating
that Re{Z} < Im{Z}. In turn, for & > 0 the magnitude of
coth(®) exhibits oscillations between 0 and oo while the
phase varies between —90° and 90°. This oscillating pattern
plays a crucial role in achieving perfect impedance matching
and hence absorption since it ensures the existence of a value
where the function matches Z, as demonstrated by comparing
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FIG. 2. Absorption color maps of the structure, with ¢ and &”
as variables, at various values of [/A: (a) [/A =0.5, (b) [/A =1,
and (c) /X = 1.5. Three distinct regions are identified and labeled
as epsilon-near-zero (ENZ, 0 < ¢’ < 0.4), epsilon-near-air (ENA,
0.4 < ¢ < 4), and high epsilon (HE, & > 4) areas. Inset images
provide a closer examination of the ENZ and ENA regions, with
asterisks denoting points of perfect absorption. Additionally, selected
isoabsorption curves are highlighted by white lines and the asymp-
totic value of &¢” [see Eq. (6)] is marked with a dashed line.

Figs. 3(c) and 3(d) with Figs. 3(e) and 3(f), thereby satisfying
Eq. (5). The previous discussion implies a complex material
impedance with a relatively small imaginary part, high enough
to ensure high absorption peaks but low enough to fulfill the
matching condition.

Figures 3(e) and 3(f) demonstrate that the occurrence of
unbounded oscillatory behavior is limited to positive values
of ¢’. When &’ is negative, then coth(®) ~ 1, and, as indi-
cated above, Z is predominantly imaginary. This explains the
absence of absorption peaks in this case because Eq. (5) can
never be fulfilled. Intuitively, this implies that a material with a
metal-like behavior (¢' < 0) can never give rise to absorption
peaks in this setup.

Next, we are going to analyze in detail the different re-
gions marked in Figs. 2 and 3, starting with the so-called

epsilon-near-zero (ENZ) region, defined arbitrarily in this
work as 0 < &’ < 0.4. The first feature observed is the lack
of absorption peaks for small values of /, as demonstrated in
the inset of Fig. 2(a). Later we will demonstrate that this fact
only holds true for normal incidence. For now, this can be
explained by considering that small values of &' correspond
to small values of y, as indicated by Eq. (2), and hence both
the attenuation and propagation constants are small. There-
fore, attaining significant absorption with a small attenuation
constant requires a minimum thickness. In addition, the ex-
ceptionally narrow width of the first peak observed in the ENZ
region [35], presented in more detail in the inset of Fig. 2(c),
can be attributed to the rapid and pronounced variation of the
impedance within that specific region. When 0 < ¢ < 1, the
impedance experiences a drastic change from infinity to 1.
The perfect matching condition occurs for specific singular
values, and even a slight variation in ¢’ leads to a rapid vari-
ation of the matching condition. As a result, the peak quickly
disappears.

The next region under study is labeled epsilon-near-air
(ENA), and it is situated (also arbitrarily) within the range
0.4 < ¢ < 4. This range is selected because the absorption
peaks exhibit minimal differentiation, in stark contrast to
the ultranarrow peaks obtained in the ENZ region. This can
primarily be attributed to the absence of absorption decay be-
tween the peaks, as clearly observed around &’ ~ 1 in the inset
picture of Figs. 2(b) and 2(c). In this region, the impedance
variation is relatively small, and hence the matching condition
depends primarily on the oscillations of coth(®). However,
the magnitude and phase variations between adjacent peaks
are not significant enough to create a substantial mismatch
between those points of perfect absorption within this range
[see Figs. 3(e) and 3(f)]. Consequently, these peaks cannot be
distinctly differentiated across the range of ¢.

Finally, we examine the high epsilon region (HE) defined
by &' > 4, where the lobes are moderately narrow and well
distinguishable, as seen in the right part of Figs. 2(a)-2(c).
The separation of the lobes is now primarily attributed to
a slower oscillation of coth(®) with higher magnitude and
phase variation between matching points [see Figs. 3(e) and
3(f)], leading to a pronounced mismatch between consecutive
matching points. Additionally, according to Eq. (2), as the
value of & increases, so does the attenuation constant and
losses of the medium. As a consequence, perfect absorp-
tion solutions can emerge with sufficiently high permittivity
values, for arbitrarily small thickness (see Sec. II B). More-
over, the distance between adjacent peaks is larger in the
HE region in Figs. 2(a)-2(c). For low ¢&”, coth(®) & cot(D),
where the latter function has a periodicity of ® = nm,n e N
and by Eq. (2), ® oc \/el. Therefore, the periodicity seen in
Figs. 3(e)-3(f) has a quadratic relation with &’ and a linear re-
lation with the thickness /. Hence, as ¢’ increases, the distance
between absorption peaks also increases, and vice versa. A
notable result observed in the plots is the occurrence of peaks
for &” values that tend asymptotically to A /[ as &’ increases.
A detailed derivation of this result is presented in [36], SL.A,
underscoring its significant consequences. This phenomenon
suggests that absorption peaks are achieved even with a
slab of infinitesimal thickness, as detailed in the following
section.
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FIG. 3. Magnitude (a) and phase (b) of Z;, for /X = 1.5, characteristic impedance of the material in magnitude (c) and phase (d), and
magnitude (e) and phase (f) of 1/ tanh(®) for //A = 1.5. Asterisks indicate the points fulfilling the perfect matching condition of Eq. (5) for

I/A = 1.5, and the ENZ, ENA, and HE regions are marked.

B. Infinitely thin lossy material slab terminated
in a reflector at normal incidence

As we have noted, for &’ — oo one can find perfect absorp-
tion peaks that obey the next relations (see the derivations in
[36], SLA):

o ©)
l
ni A
tan(kol N —— 7
antlain) ~ ~3 ™

where n; and n, are, respectively, the real and imaginary
parts of the refractive index (n = 4/¢). While Eq. (6) indicates
the asymptotic value that &” approaches for large ¢’, Eq. (7)
specifies the sampling of this asymptotic value, corresponding
to the locations of absorption peaks. This is determined by
the periodicity of the tangent function. Both phenomena are
readily visible with the asterisks of Figs. 2 and 3.

As a limiting case, it is found that both equations still
hold for slabs of infinitesimal thickness, i.e., when [ /A tends
to 0, provided ¢’ is sufficiently high. In that case, one can
always find a value for &¢” from Eq. (6) and determine the
value of &’ solving Eq. (7). As demonstrated in Figs. 4(a)—
4(c), it is possible to find perfect absorption peaks even for
ultrathin slabs at the cost of high real and imaginary parts
of ¢. This type of regime can be achieved, for instance, near
the resonance of dispersive materials characterized by Lorentz
dispersion in which both ¢’ and ¢” can take high values. This
will be corroborated in a subsequent section when the analysis
is particularized to a slab of SiC.

C. Infinitely thin lossy material slab terminated
in a reflector at oblique incidence

In this section, we analyze the angular dependence by
extending the TL model to oblique incidence [35]. In this
method, first the propagation angle inside the SiC slab is
calculated applying Snell’s law:

®

) (sin(90)>
6 = arcsin .

Je

The complex propagation constant in the normal direction
is then calculated as

y' =y cos(®). €))

The characteristic impedance of each TL section is deter-
mined for the two primary polarizations, namely transverse
magnetic (TM) and transverse electric (TE), where the mag-
netic and electric fields are perpendicular to the incidence
plane, respectively:

— 1 cos(0)

ZTM—%W(GO), (10)
7 _ 1 cos(6p) 1
= @) (1)

These values are introduced in the TL model, and the
absorbance is then calculated using the same methodology as
before, namely

ZTMTE = COth()//l). (12)
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FIG. 4. Absorption color maps for different permittivity combinations for //A = 0.1 (a), 0.05 (b), and 0.01 (c), and absorption maps for a
thin slab of / /A = 10~* for TM mode when the angle of incidence is 1° (d), 40° (), and 80° (f). In (d)—(f), the solutions are located in the ENZ
region where TE mode is omitted due to lack of absorption, and black asterisks mark the predictions of Eqgs. (13) and (14).

In general, this equation admits infinite solutions for dif-
ferent combinations of thickness, permittivity, and incidence
angle. A case of special interest arises again when we take the
limit of infinitesimal thickness (//A — 0) while considering
moderate values (i.e., not tending to infinite) of &', &” (see
[36], SI.B). Interestingly, perfect absorption cannot happen
under TE incidence (see the demonstration in [36], SI.B),
whereas for TM polarization we find that peaks can be found
for the next permittivity values:

&' ~ [kol tan(6p)],
&” & kol sin(8p) tan(6y).

13)
(14)

From the previous equations, we find that for small angles
of incidence, the solutions for both ¢’ and ¢” tend to zero, indi-
cating that an absorption peak for ultrathin slabs near normal
incidence happens at the strict ENZ condition; see Fig. 4(d).
For larger angles of incidence [Fig. 4(e)] even approaching
grazing incidence [Fig. 4(f)], solutions exist for higher per-
mittivity values. Although the values of ¢ and &” are larger
than at normal incidence, one condition is & < sin(fp) (see
[36], SI.B), so these solutions always happen within the ENZ
regime. It is noteworthy that even with an ultrathin slab (/A =
10~*) and 6, = 80°, a perfect absorption peak is obtained for
a value of &” ~ 0.4x10~2. Furthermore, it is found that &’ is
generally smaller than &” due to the (kol/)? term. Finally notice
that at 6) = 0° only a trivial solution is found with both ¢’ and
¢” equal to zero, which obviously cannot produce any absorp-
tion peak. This is the reason why our previous analysis did
not find any solution in the ENZ region at normal incidence
for ultrathin slabs. Note also that this is not in contradiction
with the results of the previous section since we consider here
only moderate values of permittivity, whereas in the previous
study we considered high values of &’. Similarly, at strictly
6o = 90° the solutions diverge.

D. Generic lossy material slab separated by a dielectric
spacer from a reflector

An interesting extension of the previous structure is
achieved by inserting an air layer, or any other lossless dielec-
tric, of length /; between the material and the PEC, as depicted
in Fig. 5(a). Such a dielectric spacer will be considered also
nonmagnetic (4 = 1) and with a constant, positive real-valued
relative permittivity &;. According to Egs. (1) and (2), this
medium can be modeled as a lossless TL section with Z; € R
and y; = jB,. Therefore, the overall equivalent circuit consists
of two concatenated transmission lines terminated in a short
circuit, as illustrated in Fig. 5(b). Assuming again Z; = 0 €,
the input impedance of the total system can be calculated from
Eq. (15):

_Z| + Z tanh(®
Z Zl—l——an()

Z + Z; tanh(®)’

s)

where Z, = than(dDS) and &, = B,/,. The addition of a
spacer introduces a modification of the terminal impedance
seen by the top material. Now Z, depends both on the spacer
thickness /; and permittivity &, as represented in Fig. 5(c). An
important consideration is that when ¢; has a real value, Z, is
purely imaginary. As depicted in Fig. 5(c) for two different
values of &, (1 and 4), when [;/A < 1/4, 7, is inductive,
with its magnitude increasing as [;/A increases. At [j/A =
1/4, Z| becomes an open circuit, diverging to infinity. For
1/4 < I;/A < 1/2, Z| becomes capacitive, and at [;/A = 1/2
it behaves as a short circuit. This pattern repeats periodically
for larger values of /;/A, with a period of 1/2.

Similar to the previous scenario, we conducted an analyt-
ical investigation by mapping the absorbance of the material
on the top of the structure as a function of ¢’ and &”, where &’
varies from —5 to 15 and &” ranges from O to 5. This analysis
was performed for different values of [/A and /;/A, spanning
from 0.1 to 2. Without loss of generality, an air layer (¢, = 1)
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FIG. 5. (a) Structure of a generic material separated from a PEC
with a dielectric spacer, (b) equivalent circuit of the structure, and
(c) load impedance seen by the material as a function of length and
permittivity of the spacer, where vertical lines mark the values of
I, = AoA 34

4020 4

is considered for the spacer, so that Z, coincides with the
black curve of Fig. 5(c). Some selected results for different
combinations of thicknesses are presented in Fig. 6 to grasp
the behavior of the whole device.

Figure 6 shows absorption bands when &’ > 0 similar to
the ones presented in Figs. 3(a)-3(c). An intuitive explana-
tion for this effect is that the unbounded oscillatory behavior
of tanh(®) allows for a wide range of potential impedance
matching conditions within this regime, as long as a min-
imum / is maintained. Consequently, despite the new load
impedance introduced by the spacer, as observed in Fig. 5(c),
the overall trend of impedance matching persists, albeit with
shifted locations.

Interestingly, the inset picture of Fig. 6(a) displays an
absorption peak located at negative values of ¢’ (¢/ = —1.9)
opening a new domain of solutions. Furthermore, this isolated
resonance in the negative permittivity region contrasts with
the periodic resonances observed when & > 0, suggesting a
fundamentally distinct physics. To gain further insight into
this effect, it is crucial to examine the behavior of Z, coth(®),
and Z;. As mentioned in the previous section, when &’ < 0 the
imaginary part of the impedance dominates over its real part,
and coth(®) approaches 1 asymptotically. Therefore, from
Eq. (15) and knowing that the positive imaginary part of Z
must be compensated to get Z, = 1, the only viable solution
in this case is for Z; to be a complex number with a negative

1/2=0.3, 1_/2=0.4

(a)  Absorption
2

1.5
o1
0.5
0 ~
b) EN ENA T HE 1x=1,1/x=0.4
9 B M—
+ ENA *

FIG. 6. Absorption color maps for (a) //» = 0.3 and /;/A = 0.4,
and for (b) [/A = 1 and [;/A = 0.4. Panel (c) presents the attenuation
constant of the material over &, where ¢’ < 0 imply higher propaga-
tion losses. Regions of epsilon-negative (EN, &' < 0), ENZ, ENA,
and HE are indicated, and black asterisks mark perfect matching
condition points.

imaginary part, i.e., with a capacitive reactance. This happens
for 2n+ 1) < ®; < (n+1)4, Vn e N. Additionally, as
coth(®) exhibits no oscillations in this range, only a single
solution exists.

The absence of this absorption peak in Fig. 6(b) indicates
that more conditions must be fulfilled. In fact, as the top mate-
rial has negative permittivity, losses are higher [see Fig. 6(c)],
and therefore the thickness of the material is critical. If the
slab is too thick, the energy decays inside the block and never
reaches the air layer so that it looks to the incident wave like
a semi-infinite slab. Thus, the matching condition is lost, and
part of the energy is reflected at the input interface without
giving rise to an absorption peak. Conversely, if the slab is too
thin, insufficient losses will hinder perfect absorption, and the
matching condition cannot be reached.

Two extreme cases are identified when Z, is capacitive.
First, when [; approaches n) /2 from lower values, Z; tends to
become slightly negative (0~). To compensate for this small
negative imaginary load impedance, a material with a small
positive imaginary part impedance is needed. This implies the
necessity of a negative ¢’ with a large magnitude. Secondly,
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FIG. 7. (a) Permittivity curve of silicon carbide (SiC). (b) Absorption map over A and / for normal incidence. Absorption maps over A and
0 for I = 0.35 um (c),(d) and / = 10 um (e),(f) with TE and TM incidence. Panels (g),(h) depict these maps for / = 5 and 10 nm under TM

incidence. Both plasma and resonance wavelengths are marked.

when [ approaches (2n + 1)A/4, Z; tends toward negative
infinity. In this case, a material with a large positive imaginary
part impedance is required. Consequently, &’ should approach
zero while still being negative. Nevertheless, both regimes
will require different material thicknesses as they imply very
different absorption rates. For permittivity values near zero
and negative (referred to as negative ENZ), a thicker thickness
is required due to reduced losses [see Fig. 6(c)]. This stands
in sharp contrast to the negative counterpart of the HE regime,
where higher ¢’ values indicate higher losses and therefore
require a thinner /. Hence, the connection between ¢ and /
is reciprocal and inversely related. As the magnitude of ¢ in-
creases, both / and Z; must decrease in order to get impedance
matching, while the opposite holds true for lower &’. Then,
once the material’s permittivity is known, one can design the
dimensions accordingly to get perfect absorption peaks using
a wide range of materials.

II1. DISPERSIVE MATERIAL IMPLEMENTATION

Up to this point, we have established the general conditions
for generating absorption peaks as a function of the com-
plex permittivity of a generic material slab. Now, in pursuit
of a more practical approach, we analyze the performance
using a slab of silicon carbide (SiC) and with aluminum
instead of PEC for the bottom reflector, with a permittivity
extracted from [37,38]. SiC is chosen for the slab because
it has a dispersive permittivity that covers all the regions
previously discussed in a relatively small bandwidth in the
infrared region. Its relative permittivity is characterized by a
Drude-Lorentz model [39],

W — 0 — jow,
_ p
€SiC = €00 R
w* — Wy — joo,

(16)

with the following parameters: resonance frequency wy =
1.50x 10 rad/s, plasma frequency w, = 1.83x10'* rad/s,
collision frequency of w. = 0.0022wy, and a permittivity at
infinity of o, = 5.726. As represented in Fig. 7(a), at A =
10.3 um we have g, = 0, with a dielectric region below that
wavelength and a plasma region above. At A = 12.55 um, g4,
tends to infinity, with a plasma region below such a point and
a dielectric above.

A. Silicon carbide slab ended in an aluminum reflector

The setup considered here is the same as the one in Fig. 1
but replacing the blue generic material by SiC and the PEC by
aluminum (a similar analysis using PEC is presented in [36],
SII with similar results).

In the initial study we analyze the resonance modes that
lead to absorption peaks as well as their bandwidth, varying
the thickness of the SiC slab from 0.1 to 20 um and A between
9 and 14 um. The absorbance results are plotted in Fig. 7(b) as
a color map, where A, and A of SiC are explicitly highlighted.
In good agreement with our previous analysis, the absorption
peaks appear only for positive values of &;.. In addition to
this, strong resonances appear both in the ENZ region and on
the right side of the Lorentz resonance (HE region).

Figure 7(b) shows the results at normal incidence. As
depicted there, the peaks below 10.3 um start to have an ab-
sorption above 90% for [ > 11 um and completely disappear
for I < 4 um. These findings are consistent with the previous
discussion about the minimum thickness to get high absorp-
tion at normal incidence in the ENZ regime. As an example,
with [ = 12 um, the device absorbs 95% of the incident power
with a full width at half-maximum bandwidth of 0.566%.
Furthermore, as / increases, several new absorption modes
appear, as predicted in Fig. 2. The electric field distribution
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inside the SiC slab corresponds to an electric length of ap-
proximately / = n\/2 (see [36], SIII).

On the left side of the ENZ band lies the ENA (0.4 <
£5c < 4) region, which begins below A = 10.175 um for
SiC. In this region, faint absorption peaks appear, becoming
stronger for thick slabs but not as intense as in the ENZ region.
This can be explained by observing that g, < 0.027 within
this band, which is a value relatively low to get significant
absorption (see Fig. 2). Nevertheless, the absorption level in-
creases as [ increases because the perfect matching condition
requires lower values of &g, for higher thicknesses [compare
Figs. 2(a)-2(c)].

Regarding the behavior near the Lorentz resonance (HE
regime), the absorption in this region starts for very small
thicknesses, as we already found in our previous discussion
on ultrathin slabs at normal incidence. Absorbance values
exceeding 99.9% can be achieved with a thickness as low as
260 nm resulting in an extremely narrow full width at half-
maximum bandwidth of 0.43%. As discussed in the previous
section, by having a higher ¢’ and ¢”, the thickness could be
further reduced [check Eqgs. (6) and (7)].

Next, we analyze the angular dependence by extending
the TL model to oblique incidence following the method
explained in Sec. II C [34]. Using Eqgs. (8)—(12), we computed
the response varying the incidence angle 6 between 0° and 89°
for the two principal polarizations (the field distributions are
shown in [36], SIII). The absorption maps over A and 0 are
shown in Figs. 7(c)-7(f) for [ = 0.35 and 10 um. These two
cases have been chosen to highlight the differences between
thin and thick slabs.

As depicted in Figs. 7(c) and 7(d) for small values of
thickness (I = 350 nm), the response near the ENZ resonance
depends strongly on the polarization and angle. As discussed
above, absorption peaks at oblique incidence cannot exist
under TE incidence, whereas a clear absorption band arises
under TM polarization for 8 between 8° and 60°. Note that for
0 < 8° the absorption peak vanishes. This happens because
for small incidence angles the values of both ¢ and &” must
be extremely small, as demonstrated by Eqgs. (13) and (14),
and SiC has no combinations that approach those values. For
! =10 um [Figs. 7(e) and 7(f)], the perfect absorption peak
near the ENZ regime for small angles shifts towards lower
A values as 0 increases, entering the ENA region. This is
explained by the impedance matching condition over 6 (see
[36], SI.C). Remarkably, perfect absorption occurs for very
high incidence angles for both polarizations at different lo-
cations due the different matching condition for TE and TM
polarization (see [36], SI.C).

Now we study perfect absorption for ultrathin slabs,
following the general explanation presented in Sec. IIC.
Figures 7(g) and 7(h) illustrate the absorption for TM po-
larization as a function of incidence angle (0) for extremely
small thicknesses, / =5 and 10 nm. As [ is reduced, the
perfect matching condition shifts toward higher incidence
angles within the ENZ region following Eqs. (13) and (14).
Eventually, a near-perfect absorption of 99.54% is achieved
for [ =5 nm, 6 = 84° and A = 10.35 um, where even the
solution for the Lorentz resonance has vanished. Absorption
in anisotropic ENZ media at grazing angles has already been
theoretically analyzed without polarization discrimination in

[33], but our results show that both anisotropy and grazing
angle incidence are not necessary to get absorption in ultrathin
slabs. In fact, by operating near the ENZ regime under TM
incidence, one can find absorption peaks at any angle of inci-
dence except for 0° and 90°. However, in practice, absorption
peaks are more prone to be found at large angles of incidence,
as they need larger values of &”, which are easier to find in
practical materials.

Regarding the HE regime near the Lorentz resonance re-
gion (A = 12.55 um), the absorption peak locations are robust
with respect to the angle variation for both thicknesses [see
Figs. 7(c)-7(f)]. Comparing Figs. 7(e) and 7(f), TE and TM
modes only differ for angles above 60° due to their different
matching condition, where TM has a strong absorption with
high angles of incidence in a broader bandwidth (see [36],
SL.C).

B. Adding a dielectric spacer between the silicon carbide
and the aluminum reflector

Now we examine the scenario depicted in Fig. 5(a), con-
sidering the material of the blue slab as SiC and the PEC as
an aluminum plane. Initially, we conduct a sweep of [ and [,
varying from 0.1 to 20 um, to ascertain the location of the
absorption bands across the wavelength range of 9 — 14 um.
Subsequently, we study the angular dependence for both TE
and TM polarizations. The results are depicted in Fig. 8.

An absorption map over / and with fixed /[y =4 um is
presented in Fig. 8(a). When &g > 0, i.e., below A, and
above Ag, a pattern similar to that presented in Fig. 7(b) is
observed, with some shifts in the resonances due to the addi-
tional phase introduced by the spacer. Even the bandwidth and
the absorption rates are practically identical.

The value chosen for [ is between A /4 and A /2, which, fol-
lowing our previous discussion, admits solutions in the plasma
region of SiC. Hence, a strong absorption peak is observed
when &g, < 0 around A = 10.6 um. This case is similar to
a metal-dielectric-metal Salisbury screen. As expected, this
resonance depends strongly on / and does not have harmonic
solutions, whereas the wavelength location remains constant
for the few values of / that fulfill the matching condition.

The absorption map over [y with fixed / = 2 um is depicted
in Fig. 8(b). The periodicity for the resonances in the negative
and high permittivity regions correspond approximately to
lp = n) /2. Both cases are easily explained by the periodicity
of the load impedance seen by the SiC slab [see Fig. 5(c)].

The angle and polarization dependencies are depicted in
Figs. 8(c)-8(e) for / = 1.5 and 5 um. These dimensions have
been selected to better explain all the phenomena occurring
in the device. The information about the field distribution is
discussed in [36], SIV. For small values of I, there is only
absorption for the TM mode in the ENZ region, again with ro-
bustness with the angle between 5° and 35°; see Fig. 8(d). The
region around the Lorentz resonance has a similar tendency to
that shown in Figs. 7(c)-7(f) and discussed in the previous
section.

We focus then on the new resonance that appears in the
plasma region of SiC, between A, and Ag. At 6 = 0°, this
configuration achieves an absorption of 94% within an ex-
tremely narrow bandwidth of less than 0.4%. In contrast to the
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FIG. 8. Absorption maps over (a) SiC length / and (b) over the air spacer length /, for each wavelength. The absorption for orthogonal
polarization modes (c¢) TE and (d) TM over 6 and A. Panel (e) shows the total absorption with a strong polarization discrimination for high
angles, and (f) is an example of a triple ultra-narrow-band absorber selecting / = 1.5 um and /p = 5 pm.

absorption peaks previously examined, this resonance demon-
strates a clear angular dependency, with an observed decrease
in the absorption wavelength as 6 increases. In contrast to
conventional Salisbury screens, SiC introduces polarization
discrimination over a range of angles due to the different
characteristic impedance of TE and TM modes. For both
polarizations, as the angle increases, the absorption peak shifts
towards shorter wavelengths until it reaches the point where
e5;c = 0, after which it continues to exhibit absorption for
positive permittivity values. Additionally, Fig. 8(e) shows that
the absorption peaks take place at different wavelengths for
TE and TM polarization from 6 = 15° and above.

An interesting point appears under TM polarization in
Fig. 8(d) for A =10.3 wm and 6 = 59°, where the Salis-
bury screen mode hybridizes with the ENZ mode (see [36],
SIV). This hybridization causes a total reflection at this point,
canceling the trend of perfect absorption associated with the
Salisbury-screen-like mode. Additionally, there is notable ab-
sorption at high incidence angles in the HE region for the TE
mode, which were absent in Fig. 7(c).

It is important to note that the dispersion of the material
can be exploited in these setups to attain multiband operation.
In Fig. 8(f), we represent the specific case at 6 = 10° for
[ =1.5 wm and lp = 5 um, revealing a triple ultra-narrow-
band absorber based on the ENZ, NE, and HE regimes, each
associated with different absorption phenomena. This further
highlights the potential of using material dispersion instead
of adding complex geometries to the structure for multiband
operation.

IV. CONCLUSIONS

In this paper, we explored various approaches to attain
ultranarrow absorption peaks based on the complex permit-
tivity of a single slab. We focused on two simple scenarios:

a slab placed on a reflector, and a slab separated from the
reflector by a dielectric layer. We chose these scenarios for
their simplicity, as they are photolithography-free and avoid
complex multilayer structures.

We began using TL theory to demonstrate all possible solu-
tions for perfect absorption of an arbitrary material on top of a
reflector. Although simple, this analysis provides insights for
designing perfect absorbers exploiting the permittivity regions
described in the paper: ENZ (¢/ < 0.4), ENA (0.4 < ¢’ < 4),
and HE (¢’ > 4). Some general conclusions can be drawn
from the analysis. First, the relationship between thickness
and permittivity, as governed by the perfect matching condi-
tion, enables a wide range of materials and dimensions that
can be adjusted to achieve absorption peaks at an arbitrary
wavelength. Second, a dispersive material [¢ = ¢(A)] oper-
ating near the ENZ regime can have an ultra-narrow-band
absorption with some minimum thickness requisite. This hap-
pens due to the rapid disappearance of the matching condition
with minimal variation in permittivity within the ENZ region.
On the contrary, a material with a permittivity within the
ENA region could be better suited for broadband absorbers,
since the matching condition is more robust to permittivity
variations. Finally, in this regard, HE materials possess mixed
properties between these two regions, but without thickness
requirements as long as permittivity is high enough.

In a subsequent study, we found that under the approxi-
mation of high &', there exists an asymptotic solution for &”
proportional to 1 /[. This finding has a notable implication as it
presents the feasibility of having ultrathin absorbers provided
that the permittivity attains a sufficiently high value. This phe-
nomenon can be found in dispersive materials characterized
by Lorentz dispersion, where both &’ and &” reach high levels.

The analysis was then extended to oblique incidence. Mul-
tiple solutions are possible in any of the ENZ, ENA, or
HE regions, expanding the reach of normal incidence. An
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intriguing observation arises when the analysis is particular-
ized to ultrathin slabs: under TM incidence, solutions appear
in the ENZ region for any angle of incidence except 0° and
90°, while no solution exists under TE incidence. Explicit
expressions for both ¢’ and ¢” were derived proving that near
the ENZ region, a stable absorption peak for any angle can be
obtained.

Then, we extrapolated the analysis to an arbitrary material
separated with a dielectric spacer from the reflector. It was
found that the incorporation of a dielectric layer introduces a
new level of flexibility to the design of perfect absorbers. A
new absorption regime within the negative &’ region appears
while all the absorption phenomena of a material with positive
¢’ on top of a reflector are maintained. The new resonance
mode can be tuned in terms of both its location and width,
allowing for the generation of absorption peaks as narrow
as those found in the ENZ region with the previous setup.
This can be accomplished without the necessity of imposing a
minimum value on the slab thickness, but with a spacer length
between A/4 and A/2. This suggests that for dispersive ma-
terials exhibiting a transition from negative to positive values
of the real permittivity, various physical mechanisms can be
utilized to achieve absorption peaks. Moreover, the material
dispersion can be leveraged to design multiband absorbers
exploiting the different regimes.

Seeking a more practical implementation, the different se-
tups were studied by using a SiC slab as dispersive material.
We obtained the bandwidth, and we studied the angle de-
pendence and polarization response, leading in the best case
to ultra-narrow-band absorption above 99% with a relative
bandwidth of less than 0.4%. We could corroborate our main
findings of the general analysis with absorption peaks present
in all the operation regions for sufficiently thick slabs. It is
relevant that we could observe peaks in both extreme ENZ and
HE regions at normal incidence. We could confirm the pres-
ence of peaks in the HE region for ultrathin slabs in agreement
with our previous theoretical derivations. In the case of ENZ
absorption, a thicker slab is necessary at normal incidence,
also predicted in our analysis. The peak is robust with A and
can achieve a relative bandwidth of 0.566%. In concordance
with our previous analysis, ENZ absorption exists at oblique
incidence only for TM polarization and its magnitude has
some dependence with the angle. We also showed that an
ultrathin nanometric slab has perfect absorption at high inci-
dence angles in the ENZ regime. HE absorption is more robust
with angle and needs thinner slabs, but it is strongly dependent
on A and it leads to multiple cavity modes for thick slabs.

Lastly, we studied the behavior of a SiC slab separated
with a dielectric spacer from the reflector. All the absorption
phenomena of the device without the spacer are maintained,
while allowing absorption in the NE region of the silicon
carbide, mimicking a Salisbury screen. Even more, this last
absorption mode can be hybridized with the TM mode in the
ENZ region, resulting in perfect reflection at specific inci-
dence angles. The TE mode exhibits strong emission at high
angles in high epsilon regimes. We also demonstrated how to
exploit SiC dispersion to achieve a triple ultra-narrow-band
absorber. Nevertheless, the increased complexity introduced
by the spacer makes developing exact and easy design re-
lations challenging. Using current research on optimization
techniques applied to light manipulation could improve such
a design [40—42]. This approach to dispersion is applicable to
any polar dielectric, and it could be extended to 3D scatterers
[43] using a different formalism for the theoretical analysis.

We acknowledge that this study is limited to smooth sur-
faces. In practical applications, surface roughness can lead
to a modification of the impedance matching as well as an
increased absorption with reduced selectivity in wavelength,
with ultrathin slabs being particularly susceptible. Neverthe-
less, surface roughness in ENZ media of a few nanometers
keeps the response reasonably unchanged [44]. This work
presents a valuable in-depth analysis of the simplest multi-
layer absorbers, and it identifies some special regimes that
lead to absorption in ultrathin slabs, bringing insights and
predicting a few phenomena that have been overlooked in the
literature and that can be extrapolated to common reflective
metals as substrate.
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