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Abstract

In this paper, we scrutinize unprecedented potential of transition metal carbides (TMCs) and nitrides (TMNs) for realization
of light perfect absorption in an ultra-broad frequency range encompassing all of the visible (Vis) and near infrared (NIR)
regions. For this purpose, two different configurations which are planar and trapezoidal array are employed. To gain insight
on the condition for light perfect absorption, a systematic modeling approach based on transfer matrix method (TMM) is
firstly utilized. Our modeling findings prove that the permittivity data of these TMCs and TMNSs are closely matched with
the ideal data. Thus, they can have stronger and broader absorption behavior compared to metals. Besides, these ceramic
materials are preferred to metals due to the fact that they have better thermal properties and higher durability against erosion
and oxidation than metals. This could provide the opportunity for design of highly efficient light harvesting systems with
long-term stability. Numerical simulations are conducted to optimize the device optical performance for each of the proposed
carbides and nitrides. Our findings reveal that these ceramic coatings have the broadest absorption response compared to all
lossy and plasmonic metals. In planar configuration, titanium carbide (TiC) has the largest absorption bandwidth (BW) where
an absorption above 0.9 is retained over a broad wavelength range of 405-1495 nm. In trapezoid architecture, vanadium
nitride (VN) shows the widest BW covering a range from 300 to 2500 nm. The results of this study can serve as a beacon for
the design of future high-performance energy conversion devices including solar vapor generation and thermal photovoltaics
where both optical and thermal requirements can be satisfied.

Keywords Metamaterials - Broadband perfect absorber - Metal-free - Transition metal nitrides - Transition metal carbides

Introduction

A high-performance light absorber is one of the most
studied topics in nanophotonics, leading to different
attempts to devise perfect light absorbers, operating either
in narrowband or broadband frequency regimes, by using
various materials and structures. Perfect absorbers have a
variety of applications in research areas such as sensing [1],
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spectroscopy [2], photovoltaic [3] and thermal photovoltaic
[4], and solar vapor generation as well as photodetection [5].
Metamaterials, with their exceptional properties that cannot
be observed in nature, are of great use for the purpose of
designing the optimum perfect absorber. One of the most
commonly used structure in order to achieve near-unity light
absorption is metal-dielectric-metal (MDM) architecture
[6-17]. In this structure, dielectric films are sandwiched
by a patterned metal film and a flat thick metal layer. The
insertion of the dielectric layer between thin metal layers
boosts the absorption of the structure by efficiently coupling
of incident light into the cavity modes of the MDM design.
The bottom metal layer acts as an ideal mirror that reflects
all incoming wave back into the cavity, and the top metallic
patterned layer includes nanoresonant units to couple the
light inside the structure. To improve the bandwidth (BW)
of a perfect absorber, different patterning structures such
as nanopatches [18-20], nanodiscs [7, 21], or nanorings
[22] were developed. These structures can behave as ultra-
broadband [12-16] as well as narrowband [11] perfect
absorbers, and can carry properties such as polarization
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independence [15-17] and angle tolerance [23] depending
on the pattern of the top layer and thickness of the dielectric
layer. Although great performances can be attained with
these structures, they are large-scale incompatible because
electron beam lithography (EBL) is required to fabricate the
patterned top layer.

In a recent study, it was theoretically and experimen-
tally demonstrated that the use of planar metal-dielectric
(MD) pair multilayer design can provide an ultra-broadband
light absorption [24]. Many planar, lithography-free, and
high performance designs were developed and fabricated
using this configuration [25-27] because it has an obvious
advantage of ease of fabrication, and thus, large-scale com-
patibility. Very recently, our group prepared a perspective
on the lithography-free metamaterial perfect absorbers to
explore material and architecture requirements and limits
for the realization of light perfect absorption in differ-
ent wavelength regimes [28]. Later, some studies revealed
that the light absorption spectrum can be extended using
hyperbolic metamaterials (HMMs) [29-34]. A substantial
improvement in the absorption BW could be acquired by
tapering this multilayer design. The tapered shape enables
coupling of the incident photons in a wide-frequency range
by gradual matching of the air impedance into the under-
lying metamaterial configuration [35]. Lei et al. realized
an angle-tolerant, polarization-insensitive, and omnidirec-
tional absorber from 200 nm to 3.6 um using an HMM
structure with alternating 20 pairs of aluminum (Al) and
germanium (Ge) multilayered films [29]. Besides all these
improvements in perfect absorbers, these multilayer designs
suffer from multiple depositions and complex processes that
limit their applicability for large-scale applications. More-
over, in many applications such as thermal photovoltaic
and solar vapor generation, the high operation temperature
could deform the layers. A better option for designing such
ultra-broadband absorbers is to replace metals with a high-
temperature tolerant medium since metals have an inher-
ent lossy nature and exposed to erosion and oxidation under
temperature and humidity.

Ceramic materials are the suitable choices to be used
instead of metals to improve the performance of the
designed structure because ceramics have less lossy nature,
a higher melting point compared to noble metals, and more
durability against oxidation and corrosion. In recent years,
titanium nitride (TiN) has become a promising alternative
to metals and has been successfully integrated in metal-
free metamaterial designs in some studies [36—42]. Recent
reviews also highlighted the tremendous potential of these
ceramics in different light-matter interaction applications
[43-47]. Taking all of these into account, it is of great
importance to design a ceramic-based ultrathin design
configuration to realize perfect light absorption in an
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ultra-broadband wavelength regime where both optical and
thermal properties of the metamaterial design will be
simultaneously satisfied.

In the present paper, we reveal the high potential of
transition metal carbides (TMCs) and nitrides (TMNs)
to be used instead of metals in ultra-broadband perfect
absorbers making use of their excellent thermal properties
(e.g., extremely high melting point) and superior absorption
performance compared to metals in any configuration. For
this purpose, we propose ultra-broadband near-unity light
absorber designs based on TMC (or TMN) in two different
configurations: planar and trapezoidal MD pair—based array
structure, and compare the performance of the proposed
designs with metallic-based corresponding. We use titanium
carbide (TiC) and vanadium carbide (VC) as TMC, TiN
and vanadium nitride (VN) as TMN, and aluminum oxide
(A1,03), silicon dioxide (SiO;), and titanium dioxide
(TiOy) as the insulator material. Also different lossy metals
such as titanium (Ti), platinum (Pt), and nickel (Ni) are used
to compare the performance of metallic-based and ceramic-
based designs. The paper is organized as follows: In the
first part of paper, a systematic modeling approach based
on transfer matrix method (TMM) is carried out to reveal
compatibility of permittivity data of TMCs and TMNs
for broadband perfect absorber designs. Afterwards, by
conducting finite-difference time-domain (FDTD) method
is employed to find the optimal geometries for each
TiC/VC/TiN/VN and Al,Oj3 pairs in planar metal-dielectric-
metal-dielectric (MDMD) configuration separately to obtain
the broadest attainable absorption spectrum. It is shown
that TiC-Al,O3 pair offers the best performance among
these materials with an absorption BW as wide as 1090 nm
covering from 405 to 1495 nm with an average absorption
value of 0.95. This BW is not only significantly wider
than TiN-based multilayer designs [36, 40], but also larger
than that of the highest reported BW for a metal-based
MDMD configuration, where a wavelength range of 400-
1400 nm was absorbed utilizing the optimal case of a
chromium(Cr)-SiO, multilayer configuration [48]. Next,
trapezoidal array structure is proposed as an option to
increase the absorption BW of the design. Geometries of
the structure were optimized in a similar fashion for each
pair of TMCs/TMNs/metals and Al,O3 separately when a
3-MD pair trapezoidal array structure is in use. VN-Al,O3
pair offered the strongest absorption profile with an amount
above 0.9 in the wavelength range from 300 to 2500 nm,
with a BW of 2200 nm, which is much wider than the
BW of metallic designs. In addition, possible fabrication
inaccuracies are considered, their possible effects are
scrutinized and an alternative design is proposed to preserve
the same performance for trapezoidal array structure.
Considering their optical and thermal properties, TMCs and
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TMNs are excellent choices for thermophotovoltaic and
solar vapor generation applications where both high optical
absorption and long-term durability can be acquired.

Modeling

The schematic illustration of the first proposed multilayer
structure is depicted in Fig. la. According to this panel, the
structure mainly consists of two MD pairs, which are com-
prised of the same materials, stacked on top of each other.
The bottom metal layer is thick enough to act as a perfect
mirror that reflects all the light back into the cavity. The
bottom insulator layer acts as a spacer between the bottom
and middle metal layers in order to create an MDM cav-
ity. The top insulator layer, added onto the MDM cavity,
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behaves like a broadband antireflective coating to match air
impedance to that of an underneath metal layer. In this design,
the operational performance of the multilayer is mainly
determined by the middle metal layer. The thickness and
type of this metal have to be selected in such a way that it
should be thin enough to allow light penetration into the
cavity and it should be thick enough to trap the light inside
of it. For the starting point in designing the multilayer per-
fect absorber, we first adopted a modeling approach to find
the ideal material for the middle layer in which the over-
all reflection from the MDMD structure is zero. To achieve
this goal, the transfer matrix method (TMM) was carried
out to find the overall reflection from the design. In this
method, we suppose the MDMD structure is bounded with
a material of ¢4 which is the air in our case. For the trans-
verse magnetic (TM) polarization, considering the Hy as
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Fig.1 Designed structure and ideal material. Schematic illustration of
the proposed a multilayer structure and b setup to obtain ideal middle
layer. Part ¢ depicts the contour plot for reflection value as a function
of real and imaginary parts of permittivity for a 10-nm ideal middle
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layer at the wavelength of 1000 nm. Zero reflection point (ZRP) values
and tolerable region for R < 0.1 for different middle layer thickness
of d 5 nm, e 10 nm, and f 15 nm are also displayed
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and applying the appropriate boundary conditions, reflec-
tion of the incident light from the structure can be

. _ Fup _ Fiy _
obtained as R = |F12|' Here, F = |:F12} B
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light. Moreover, Dp, Dy, and DR are the thickness of the
dielectric, middle material, and reflector layers, and ep and
&M are permittivity of dielectric and metal, respectively. As
illustrated in Fig. 1b, the proposed structure has Pt (with
a thickness of 100 nm) as the back reflector material (i.e.,
thick bottom metal layer). It should be mentioned that in
this section, our aim is to find the best middle layer and
bottom layer is only a reflecting coating. Therefore, in all
cases, in this part, the Pt layer is kept as bottom layer. Two
identical Al,O3 layers with the same thickness of 80 nm
have sandwiched the middle ideal metal layer. For each
wavelength, the real and imaginary parts of permittivity of
the ideal middle material are found in a way that the overall
reflection from the stack is zero. Figure Ic illustrates the
contour plot of the reflection (R) as a function of the real
and imaginary parts of epsilon for a 10-nm-thick middle
layer at the A = 1000 nm. This plot clearly shows a group
of centric circles around the zero reflection point (ZRP)
where these circles radii get enlarged for larger values of
R. Therefore, to be able to retain reflection below R = 0.1,
the permittivity values (real and imaginary parts) for the
middle layer should be located inside the R = 0.1 circle.
To gain a better insight, the values for ZRPs of an ideal
metal with thicknesses of Dy = 5 nm, 10 nm, 15 nm
are plotted in Fig. 1d-f, respectively. The error bars are
also utilized in these panels to define the range of values
for the real and imaginary parts of permittivity where the
reflection stays below 0.1 (more than 90% absorption). As
these results illustrate, to have an ideal metal, the real part
of the middle layer permittivity should take small values
around zero (positive or negative) for A < 1000 nm and this
trend gradually grows toward positive values for longer
wavelengths. This is actually the main reason that restricts
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the absorption capacity of metal-based multilayer designs
since, for most of the metals, the real part of permittivity
exponentially approaches large negative values as we
move toward longer wavelengths. However, the imaginary
part shows a relatively flatter response over the entire
wavelength range except the shorter wavelengths (A <
600 nm) where the values start to gradually grow from
around zero to the flat response point. Moreover, comparing
the extracted values for different metal thickness shows that
the ZRPs are larger for thinner metal layers but at the same
time the range of acceptable values for R < 0.1 is much
wider. The situation is vice versa for thicker ideal metal
layers. Therefore, to guarantee a reflection below 0.1, we
need to choose our material in a way that its permittivity
values are within the proposed range.

Some nonstoichiometric ceramic materials including
transition metal carbides and nitrides show high carrier
concentration and demonstrate an optical performance that
is close to metals. However, in general, the real permittivity
values for these dielectric materials are more close to zero
(at the negative side). Therefore, it is expected that these
materials can be an excellent option to replace metal—
based multilayer absorbers. The comparison, on how well
different metals, carbides, and nitrides are matched to this
ideal model, is presented in Fig. 2a—c. The blue and red
highlighted areas are the set of tolerable values for the real
and imaginary parts of the permittivity of a 10-nm-thick
ideal material that provide a reflection below R < 0.1. In
this work, among other transition metal nitrides, VN and
TiN are chosen to be explored. In the case of carbides, VC
and TiC have been the choices of study. Figure 2a compares
the permittivity values for Cr and Au with the ideal case.
The permittivity values of Au and Cr have been obtained
from CRC model. As it can be clearly seen, Au shows very
poor agreement for both real and imaginary parts while
permittivity values of Cr fairly meets the tolerable region
for A < 1350 nm . In fact, this mismatch is raised from
the real part of the permittivity not that of its imaginary
part. These findings from modeling are in agreement with
what was obtained from the experimental results [48]. The
results for the case of carbides and nitrides have been also
depicted in Fig. 2b and c. The permittivity values for these
four different materials have been taken from the works
of Pfliiger et al. [49, 50]. In the case of nitride-based
materials, the real part of epsilon for VN crosses the border
of the highlighted region in longer wavelengths compared
to that of TiN. Furthermore, while the imaginary part is
entirely inside the filled area for VN, it slightly stays out
of the region for A < 750 nm in the case of TiN. This
matching is the best for the case of transition metal carbide
materials. Figure 2c points out the real and imaginary parts
of VC and TiC retained within the range up to 1380 nm.
These results clearly elucidate the fact that transition metal
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Fig.2 Ideal permittivity region for perfect absorption. Comparison between real and imaginary parts of permittivity between a Au and Cr, b VN
and TiN, and ¢ VC and TiC and ideal case. The blue and red highlighted regions are tolerable real and imaginary values for R < 0.1, respectively

carbides and nitrides are excellent choices to put in the
place of metals. In addition to their unprecedented optical
behavior, these ceramic materials have superior thermal and
chemical stability and they are refractory materials with an
extremely high melting point that is a main factor to define
the long-term stability of an absorber device. For example,
Cr has a melting point of 1907 °C while this value for TiC
is 3160 °C.

Structure and Simulation Setup

To evaluate our modeling results, we conducted numerical
simulations to find the optimal configuration for each of
the above materials. The role of different thicknesses in the
overall absorption capability of the stack was scrutinized in
the first step by employing numerical calculations using the
commercial finite-difference time-domain (FDTD) software
package (Lumerical FDTD Solutions). Throughout the
simulations, the propagation direction of incident light was
fixed to be perpendicular to the x—y plane. A broad plane
wave with a linear x-polarized E field was being utilized
to excite the unit cell and reflected (R) and transmitted
(T) lights were recorded by two frequency domain power

Fig.3 Schematic illustration of (a)
the proposed trapezoidal MD

pair array design a Unit cell of
the structure in 2D. b
Perspective view of the structure
in 3D

TMC/TMN
Al,O,
TMC/TMN
Al,0,
TMC/TMN
Al,O,

TMC/TMN

monitors on two sides of the multilayer structure. Periodic
boundary conditions were also employed in the x and y
directions, while boundaries in the z direction were adopted
as a perfectly matched layer (PML). One-nanometer-sized
mesh was added to the related simulation region in both
the x- and y- directions. The refractive index data of the
TMCs and TMN:ss is fittedusing the “Material Explorer” tool
of the FDTD Solutions. Using fit tolerance as 0.0001 and
max coefficients as 20, the materials were modeled closer
to the material data in a better function. The simulations are
performed with this fitted model.

The 2D view of planar MDMD array and 2D and 3D
views of the designed trapezoidal MD pair array structure
are illustrated in Figs. 1b and 3, respectively. They consist
of alternating TMC (or TMN) and dielectric layers and
TMC (or TMN) substrate. While planar configuration has
two parameters, which are Dp and Dy, to be optimized,
trapezoidal array configuration has four parameters, which
are Dp, Dy, side-wall angle of the trapezoid design («),
and periodicity (P). Periodicity was kept at 250 nm and the
geometries of the design were optimized by altering other
parameters for each TMC, TMN, and metal. The main goal
of this design is to cover the visible region and possible
longest wavelength with near-unity absorption.

(b)

P =250 nm
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The trapezoidal structure does not have a fine tip, but a
tapered top layer. The width of the top layer is set by the
side-wall angles, where the bottom width of the trapezoid
is the same as the P. The side-wall angle can be calculated
from the equation of ¢ = arctan ?—x = arctan 2—3, where
Km and Kp are the half of difference between bottom
lengths of subsequent metallic and dielectric layers (La
is bottom length of dielectric layer, Lp is bottom length
of upper metal layer, and Lc is bottom length of upper
dielectric layer), as shown in Fig. 3a. To be clear, if we call
bottom and top width of a TMC/TMN layer as L and L,
respectively, and top width of the upper dielectric layer as
L, mathematically, Ky = LA;LB , Kp = LBELC. Ky and
Kp values are different to keep the side-wall angle constant
since the thickness of the layers is different.

Absorption (A) was calculated using the equation of
A = 1 — R — T. Considering the fact that the bottom
reflecting layer thickness is much thicker than that of light
skin depth at our operation frequencies, we can suppose T
to be zero (this has been verified during our simulations).
Consequently, the absorption can be found by the following
simplified equation of A = 1 — R.

Results and Discussion

In planar MDMD configuration, we first optimized Dp
in a way that the perfect absorption covers the whole
visible range for all of the cases. In other words, its lower
edge should be located at around 400 nm. During this
optimization step, Dy was fixed at 10 nm. Taking A = 0.9
as the BW threshold, we can also define the upper edge of
the regime. It should be noted that in all of the simulations
the configuration has four layers. The bottom layer was
chosen to be the same as the middle material coating with
a thickness of 100 nm. Throughout this section, Dp-Dy-
Dp annotation was employed to refer to a configuration of
planar array (as an example, 75-10-75 means the dielectric
layer thicknesses are 75 nm and the middle layer is 10 nm
thick). Figure 4a—c show the results for VN absorbing
layer. According to Fig. 4a, to ensure complete visible
regime coverage, the thickness of the AloO3 was fixed at
75 nm and to optimize the absorption BW and strength,
thickness of the metal was swept from 6 nm to 16 nm, as
shown in Fig. 4b. According to these panels, the largest
BW belongs to 75-10-75 configuration covering from
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Fig. 4 Parameter optimization of nitride materials The impact of
a dielectric thickness and b middle layer thickness in the absorption
capability of the multilayer and ¢ average light absorption and normal-
ized BW for different material thickness in the case of VN multilayer.
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The impact of d dielectric thickness and e middle layer thickness in
absorption response of the multilayer and f average absorption and
normalized BW values for different TiN thickness
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405 to 1375 nm with an overall BW of 970 nm. To have
a better qualitative comparison, the normalized BW values
for different metal thicknesses are presented in Fig. 4c. The
BW of the multilayer is decreased to 0.85 moving from
the metal thickness of 10 nm to 16 nm. In addition to this,
the average absorption over the corresponding BW of each
configuration is calculated and plotted in this figure. As it
can be clearly seen, the average absorptions for all the cases
are above 0.96 which proves a near-unity absorption from
this configuration. The corresponding results for TiN case is
also presented in Fig. 4d—f. Choosing the Al,O3 dielectric
layer thickness (Dp) as 75 nm, the best performance was
attained in the material thickness of Dp = 12 nm in which a
BW of 695 nm can be accomplished (400 nm — 1095 nm).
Using this number as a normalization factor, the BW
drop trend for thicker layers was also depicted in Fig. 4f.
For this material, the average absorption stays above 0.94
throughout its operation BW. These results are also in
line with our findings discussed in the modeling section.
For instance, based on our theoretical calculations, the
imaginary part of TiN stays out of the R < 0.1 region
for 500 nm < A < 800 nm. This can be confirmed by
our numerical simulations where a dip in the absorption

@, ®,

spectrum was observed in this wavelength range. Moreover,
the fact that the absorption upper edge was located at longer
wavelengths in the case of VN is also predicted by Fig. 2b.
It is noteworthy that the theoretical findings have assumed
an Al,O3 dielectric thickness of 80 nm while the results
at Fig. 4 are found for optimal Dp thickness of 75 nm.
The same systematic study was also carried out for carbide
materials. The optical behavior for carbides is even better
as shown in Fig. Sa—f. For the case of VC, in the optimal
configuration of 75-10-75, the multilayer stack absorbs
light over a broad wavelength regime of 415-1480 nm that
corresponds to a BW of 1065 nm. Similar to VC, TiC
has also superior light absorption capability, introducing
absorption above 0.9 from 405 nm up to 1495 nm. In
fact, the optimal multilayer configuration of 75-8-75 for
TiC has the highest BW among all of the other choices
with an average absorption above 0.95 throughout its BW,
which is also wider than reported highest BW of metal-
based MDMD designs, where a range from 400 to 1400 nm
is absorbed utilizing the Cr-SiO; multilayer configuration
[48].

To elucidate the mechanism of the absorption in this
multilayer geometry, a contour plot displaying the amount
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BW for different material thickness in the case of VC multilayer.

Wavelength (um)

Metal Thickness, Dy (nm)

The impact of d dielectric thickness and e middle layer thickness in
absorption response of the multilayer and f average absorption and
normalized BW values for different TiC thickness

@ Springer



1808

Plasmonics (2019) 14:1801-1815

0

(=]

600 800 1000
Wavelength (nm)

800 1200
Wavelength (nm)

1200

400 600 800 1000 1200
Wavelength (nm)

Fig.6 Absorbed power and polarization dependency. a The contour plot comparing the absorbed power in different parts of MIMI design. The
absorption values for b TM and ¢ TE polarization for oblique incidence angles of 0° < 6 < 60°

of absorbed light in different parts of a multilayer for the
optimal case of TiC is plotted in Fig. 6a. As it can be clearly
deduced from this panel, most of the light is concentrated
in the middle absorbing layer. This is an expected result
taking the high absorption coefficient of the nitride and
carbide materials. Moreover, only a small portion of light in
the lower wavelength values is absorbed using the bottom
reflector layer. The oblique angle absorption response of
the multilayer design is also plotted in Fig. 6b and c
for transverse magnetic (TM) and transverse electric (TE)
cases. As it is clearly illustrated in this figure, when the light
is incident at longer angles, both the upper and lower edges
of the absorption approach each other and, consequently,
the absorption bandwidth get smaller. This case is more
pronounced in the case of TE polarization incident light.
However, in general, the absorber keeps its light absorption
capability high over all oblique angles. This shows that this
structure is not only an ultra-broadband absorber but also it
shows a wide angle response over all incident angles.

(@) (bz .

Light absorption BW can be further extended utilizing
larger number of MD pairs. Figure 7a—c depict the absorp-
tion spectra for MDMD and MDMDMD configurations for
three optimal cases of VN, VC, and TiC. For both configu-
rations, the thicknesses of layers are chosen as their optimal
values found in the previous part. As Fig. 7a shows, the
absorption BW can be extended to 1685 nm using a 3-pair
multilayer architecture. An upper wavelength edge, as long
as 1715 nm, can be obtained employing VC-based MDMDMD
configuration, see Fig. 7b. BW extension is the largest for
TiC where the absorption above 0.9 can be achieved in a
wavelength range of 370-1895 nm (Fig. 7¢). These findings
reveal the capability of these materials to absorb light in an
ultra-broadband regime where adding the number of pairs
can extend the absorption BW toward longer wavelengths.
However, a better approach to achieve broadest absorption
response, while keeping the overall thickness the same, is
to use tapered multilayer designs instead of planar ones.
Therefore, a trapezoidal array structure comprised of 3 MD
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Fig. 7 BW improvement with increasing number of pairs. The absorption spectra of 2 pairs (MDMD) and 3 pairs (MDMDMD) configurations

for the cases of a VN, b VC, and ¢ TiC multilayers
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Fig. 8 Optimization process of TiC. a The impact of o when other
parameters are Dy = 35 nm, Dp = 40 nm. b The impact of the thick-
ness of the dielectric layer when other parameters are Dy = 35 nm,

pairs was designed and optimized for each TMC and TMN
material to present higher performance of metal-free ultra-
broadband perfect absorbers, and to reveal their superiority
over commonly used metals.

In the MD pair-based trapezoidal array structure, we ini-
tially attained a good absorber using cursory parameters to
understand the capability of the material in that geometri-
cal shape. After the first set of results were obtained for
each material, they were optimized in order to obtain the
broadest absorption band. In all of the cases, we first opti-
mized the side-wall angle of the trapezoid since a change
in the optimal angle influences optimum values of the other
parameters. Then, Dp was optimized considering that per-
fect absorption (above 0.9) is achieved in the visible region
because Dp has a determining effect on the absorption at
shorter wavelengths. Afterwards, Dy was optimized to have
the broadest band. All of the structures were designed at
the same period which is 250 nm. The designed struc-
ture for different materials was optimized in a way that
its absorption spectrum fully covers the visible region and
reaches to the possible longest wavelength. Figure 8a—c

(a) (b)

15 2.0 25 705 1.0 1.5 2.0 2.5
Wavelength (um)

Wavelength (um)

a = 74.05°. ¢ The impact of the thickness of TiC layer when other
parameters are Dp = 44 nm, o = 74.05°

demonstrate the optimization process of the TiC. The first
result is obtained when Dy = 35 nm, Dp = 40 nm,
o = 74.05° and then «, Dp and Dy were optimized,
respectively. According to Fig. 8a, side- wall angle of
the trapezoid can be chosen either 74.05° or 72.55° since
their results are above the 0.9 absorption. For « = 74.05°,
absorption decreases to below 0.9 at some wavelengths;
however, it can be compensated with altering the thick-
nesses of the dielectric and TiC layers. Considering the
purpose of having the largest BW, the « = 74.05° side-
wall angle has better performance compared to the others.
As shown in Fig. 8b, Dp has a significant effect on absorp-
tion at shorter wavelengths but it is insignificant at longer
wavelengths. To ensure absorption is always higher than
0.9, this geometry is selected as 44 nm. It can be chosen as
a higher value to increase absorption at the visible region;
however, this brings about reduction on the BW. As shown
in Fig. 8c, absorption stays above 0.9 and has the widest
spectrum when Dy = 35 nm, which is the wavelength
range of 380-2240 nm. Similar to TiC, the correspond-
ing results for VC are shown in Fig. 9a—c. Its optimization

(c)

1.00 1.00 1.00
= 0.95
0.95 0.95 y y:
S
0.90 0.90 0.90
c c <
K] 2 2
S S
80385 —a—78.02° 2085 o g 0.85
o - ° o D
3 =76.37 @ ——D.= 7]
L2 0. _ 2 o .
4 0.80 ——ard ﬁ 0.80 DE g 0.80
—e—qa=73.14 —4—D =48
0.75 —a— 7157 0.75 ° 0.75
0.70 0.70 0.70
0.5 1.0 15 2.0 25 0.5 1.0 1.5 2.0 2.5 0.5 1.0 1.5 2.0 2.5

Wavelength (um)

Fig. 9 Optimization process of VC. a The impact of @ when other
parameters are Dy = 33 nm, Dp = 44 nm. b The impact of the thick-
ness of the dielectric layer when other parameters are Dy = 33 nm,
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a = 74.74°. ¢ The impact of the thickness of TiC layer when other
parameters are Dp = 44 nm, o = 74.74°
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Fig. 10 Optimization process of TiN. a The impact of o when other
parameters are Dy = 35 nm, Dp = 60 nm. b The impact of the thick-
ness of the dielectric layer when other parameters are Dy = 35 nm,

process started with the parameters of Dy = 33 nm, Dp =
44 nm, ¢ = 74.74°. The values of o and Dp keep the
absorption sufficiently high from 0.9 and Dy = 33 nm
provides the broadest absorption spectrum. Therefore, the
best performance is attained with these parameters in which
absorption above 0.9 covers a range of 380-2290 nm. In the
case of TiN, the optimization process is shown in Fig. 10a—
c. The starting values were Dy = 35 nm, Dp = 60 nm,
a = 75.58°. Since absorption is not much below 0.9 at
shorter wavelengths, « was not changed. To compensate
for the dip that occurred around 700-nm wavelength, the
dielectric thickness must be increased sufficiently. Dp =
60 nm is enough to keep absorption a little higher than 0.9.
It can be increased to guarantee that it does not fall below
0.9; however, we kept it as 60 nm for the sake of broadest
BW. Then, absorption above 0.9 in the wavelength range of
380-2265 nm is attained when Dy = 35 nm. As demon-
strated in Fig. 11a—c, VN performs superior light absorption
than other TMC&TMN materials. For parameters of Dy =
36 nm, Dp = 50 nm, « = 75.96°, the designed struc-
ture has absorptivity above 0.9 in the wavelength range of
380-2500 nm, even more (we could not simulate longer

(a) (b)

Wavelength (um)

Wavelength (um)

a = 75.58°. ¢ The impact of the thickness of TiC layer when other
parameters are Dp = 60 nm, o = 75.58°

wavelengths since we do not have refractive index data of
the materials). Although VN is not a commonly used mate-
rial, it is the only one that has such a performance with this
design.

As the best performances of TMC&TMN materials are
compared in Fig. 12a, VN shows the best performance (i.e.,
the broadest BW) in the trapezoidal array configuration
among TMCs&TMNs. Furthermore, the type of the
dielectric used in the design can also affect the absorption
spectrum. Simulations were repeated replacing Al,O3 with
SiO; and TiO; and results are plotted in Fig. 12b when VN
is used. TiO, has more absorption strength and can have a
longer spectrum if data of the materials would be available.
Nevertheless, all three of them satisfy the valid wavelength
range, which is 380-2500 nm.

To have a comprehensive study on the potential of
these ceramic materials in the absorber design, the
performance of the commonly used metals and VN should
be compared. VN has higher melting point and resistance
to oxidation and erosion compared to metals; however, its
optical performance also has a crucial importance. Similar
simulations were repeated to find the optimal geometries
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Fig. 11 Optimization process of VN. a The impact of o when other

parameters are Dy = 36 nm, Dp = 50 nm. b The impact of the thick-
ness of the dielectric layer when other parameters are Dy = 36 nm,
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Fig. 12 Comparison of the best performances of TMCs,TMNs and
metals. a Comparison of the largest absorption spectrum attained with
TMC (TiC, VC) and TMN (TiN, VN) materials. b The impact of the

for each metal in trapezoidal array structure. As a result,
while the optimal configuration of Ni with parameters of
Dy = 32 nm, Dp = 54 nm, « = 72.65° exhibits an
absorption above 0.9 between 380 and 2070 nm, Pt with
best parameters for the optimum absorption Dy = 32 nm,
Dp = 50 nm, « = 71.03° performs perfect absorption
between 380 and 1990 nm and optimized Ti structure with
parameters of Dyy = 33 nm, Dp = 52 nm, o = 74.75°
shows perfect absorption in the wavelength range of 380-
2125 nm. Therefore, VN performs better absorptivity than
all lossy metals, as presented in Fig. 12c, besides being
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the best performances of VN, Ti, Pt, and Ni

more durable to temperature and oxidation. That makes it
a perfect candidate for high-temperature broadband perfect
absorber applications.

In order to understand how and where electromagnetic
waves are absorbed by the designed perfect absorber, we
examined the electric and magnetic field distributions at
several wavelengths throughout the absorption spectrum.
Electric fields are mainly localized at the edges of metallic
and dielectric layers and in the air gaps around metal,
as shown in Fig. 13a—c. While the electric field is
mostly localized near the top of the trapezoid at 684-nm
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Fig. 13 Electric and magnetic field distributions. Magnitude square of E field distribution when a wavelength is 684 nm, b wavelength is 1350 nm,
¢ wavelength is 2500 nm. Magnitude square of H field distribution when d wavelength is 684 nm, e wavelength is 1350 nm, f wavelength is
2500 nm
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wavelength, it is concentrated at each metal-dielectric cross-
section and increased toward the bottom at 1350 nm, and it
is mostly localized at the bottom of the trapezoid in the air
gap when the wavelength is 2500 nm. As it is inferred from
Fig. 13a—c, electric field strength is improved with longer
wavelengths and the localization region moves toward the
bottom of the trapezoid. Contrary to the electric field, the
magnetic field is localized between metallic layers, namely
inside the dielectric, as shown in Fig. 13d—f. When the
wavelength is 684 nm, the magnetic field is mainly localized
in the air (just above the top metallic layer) and a part of
it is localized at the boundary of dielectric and metal in
the middle. Figure 13e and f demonstrate that the magnetic
field is localized inside the structure in dielectrics as the
wavelength becomes longer. Similar to the electric field, the
magnetic field gets stronger and localized near the bottom of
the structure as the wavelength becomes longer. Therefore,
in this tapered design, in every wavelength range, the
active region of the absorber changes. The superposition of
these responses leads to such ultra-broadband light perfect
absorption. We can deduce here that if the number of VN-
AlpOs3 pairs is increased, this structure can absorb even
longer wavelengths.

(a)

Fabrication Considerations

Another important feature that should be considered in this
design is its fabrication considerations. In this part, we will
present some possible fabrication errors, their effects on
the results, and alternative solutions to compensate their
negative effects and to obtain the same performance as
mentioned before.

The first possible problem is difficulties in achieving
adjacent trapezoids (with zero spacing) in a periodic
fashion. The existence of a space may be unavoidable
depending on the fabrication route used. The modified
structure considering this factor and the resulting absorption
spectrum are shown in Fig. 14a and b. Longer wavelengths
cannot be absorbed perfectly anymore and absorption BW
gets significantly narrower. This is due to the fact that a
part of the incident light fully reflects from these spacing
regions. To compensate for the disadvantage of fabrication
feasibilities, we proposed a new design to replace the
substrate with an MDM design which is composed of the
same dielectric and material (VN), as shown in Fig. 14c. The
MDM layer was designed for the case when 50-nm space
is left between the adjacent trapezoids. The optimization
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spectrum if one side wall is steeper than expected. ¢ Absorption spectrum if one side wall is less steep than expected

process of geometries of the MDM structure is shown in
Fig. 14d and e. The bottom thick VN layer was chosen
as 100 nm and the dielectric and thin VN layers were
optimized one by one. At first, the dielectric layer was fixed
to 100 nm and the thickness of the upper layer was swept
from 5 to 30 nm. As shown in Fig. 14d, many of them
result in absorption above 0.9, so we chose 10 nm to have
the largest BW and tolerance to fabrication errors. Then, VN
thickness was fixed to 10 nm and the dielectric thickness
was swept from 80 to 120 nm. As shown in Fig. l4e,
all of them again satisfy the requirements. Increasing the
dielectric thickness gives a rise in absorption in longer
wavelengths, however, causes fall in shorter wavelengths.
To have a tolerance in both ways, we chose a 100-nm-
thick dielectric layer. The resulting absorption spectrum
of the design for different spaces between trapezoids
is demonstrated in Fig. 14f. Thus, if the fabrication of
designed ceramic-based trapezoidal array does not function
as simulated due to fabrication limitations, adding a simple
MDM layer increases its performance back into the desired
levels or even better.

Side-wall angles of the trapezoid are hard to fabricate
exactly as expected. Having tolerance for that is a precious
property. We examined the effects of fabricating different
side-wall angles on the absorption strength and spectrum.
One of the side walls was drawn as planned in the
optimal configuration, which is ¢« = 75.96° for VN, and
the angle of the other wall was selected as higher and
smaller values. In other words, the symmetric design of
the trapezoids was distorted to an asymmetric one. The
primitive shape of this error is shown in Fig. 15a. When one
wall becomes steeper than optimal configuration, problems
with shorter wavelengths occur, as shown in Fig. 15b. While
the absorption strength is increased in the NIR region, it
decreases below 0.9 in the visible region. When one side-
wall angle becomes less than expected, while absorption

in the visible region is increased, absorption at longer
wavelengths decreases but still stays above 0.9, as shown in
Fig. 15c. Therefore, the side-wall angle has 2° tolerance for
bigger angles and 4° tolerance for smaller angles when one
wall is produced as planned. Even if the angle is distorted
more, bigger or smaller, in both cases, the absorption stays
above 0.85.

Conclusion

In this paper, we demonstrated unprecedented potentials of
transition metal carbides and nitrides to design perfect light
absorbers in ultra-broadband range, and indicated that these
materials perform perfect electromagnetic wave absorption
in a larger bandwidth than metals in any configuration, owing
to their excellent optical properties. Our numerical find-
ings show that the proposed ceramic materials have wider
bandwidth than all lossy and plasmonic materials in both
planar metal-dielectric-metal-dielectric configuration and
trapezoidal array of metal-dielectric pairs. In planar con-
figuration, titanium carbide exhibits the largest bandwidth
where an absorption above 0.9 is observed in the range of
405-1495 nm. Using the trapezoidal array structure, the best
performance is observed for vanadium nitride where an
absorption above 0.9 is retained over the range of 300—
2500 nm. In addition, we investigated the effects of pos-
sible fabrication inaccuracies in fabricating the trapezoidal
array structure, and we proposed an alternative design to
preserve the same performance. The superior absorption
performance of transition metal carbides and nitrides over
metals along with their higher durability against tempera-
ture, oxidation, and erosion make them highly promising
in ultra-broadband perfect absorber applicat ions in which
thermal requirements are strict in addition to high optical
performance.
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