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ABSTRACT

ARTICLE HISTORY

Broadband absorption is needed for a wide spectrum of applications
such as solar–thermal conversion, radiative cooling, and photodetection.
In this work, we theoretically show that trapezoidal gratings made of a
natural hyperbolic material on a metal substrate can be used to achieve
omnidirectional perfect absorption in a relatively broad spectral region.
Hexagonal boron nitride (hBN) is taken as a mid-infrared polar material
with hyperbolic characteristic in the wavelength region from 6.2 to 7.3
μm. The anisotropic rigorous-coupled wave analysis is used to calculate
the absorptance as well as the local power dissipation and field distributions. The main mechanism for the broadband perfect absorption is
elucidated by considering the slow-light effect in a hyperbolic waveguide, which can trap the incident light of different wavelengths in
different regions of the trapezoid. The spectral range and bandwidth of
near perfect absorption can be adjusted within the hyperbolic range of
the material by changing the shape of the trapezoid. Moreover, the
substrate can play a role on the reflectance and transmittance of the
structure for the wavelengths that do not support the slow-light effect.
Similar designs can be applied to other hyperbolic materials to achieve
perfect absorption in various wavelength regions.
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Introduction
Achieving perfect absorption of electromagnetic waves in different wavelength ranges is of critical
importance in applications such as energy harvesting, photodetection, chemical sensing, and radiative cooling. Various metamaterials have been proposed to achieve perfect absorption for different
applications [1–8]. Most of the absorption spectra show a single resonance peak because the
absorption is caused by coherent resonances and thus the bandwidth is still quite narrow even
when very lossy materials are used. This can be disadvantageous in some energy harvesting or
conversation applications [9, 10]. Significant progress has been made and various structures have
been proposed to broaden the absorption spectrum in the visible and infrared range. An intuitive
way to achieve a broadband behavior is to pack several coherent resonators with close resonance
wavelengths or create different resonance modes in the same structure [11–14]. Such designs have
been demonstrated using complex gratings [11], metal/dielectric/metal structures with a cluster of
different metal patches as the top layer [12, 15], structures assembled by nanoparticles of different
sizes [16], and thin-film silicon sandwiched by trapezoidal surface and silver grating [17]. Because
the coupling between resonators or different modes can deteriorate the high absorption, it is difficult
to achieve very strong absorption in a broadband. Alternatively, one can use nanowires to achieve
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index matching that results in a broadband absorption by using suitable materials [18–20], though
the wavelength range and bandwidth of the absorption spectrum are still limited due to the available
material choices. Therefore, exploring new materials and new mechanisms to achieve broadband
high absorptance remains an active research field.

Nomenclature
E
h
i
k
t
v
w
x, y, z
Greek Symbols
γ
ε
ε0
ε1
ζ
Ʌ
λ
ν
ω
ωp
Subscripts
||
⊥
b
t

electric field, V m−1
height, m
pﬃﬃﬃﬃﬃﬃﬃ
1
magnitude of wavevector, m−1
length, m
speed, m s−1
local power dissipation density, W m−3
space coordinate, m
scattering rate, rad s−1
relative permittivity (dielectric function)
electric permittivity of vacuum, 8.854 × 10−12 Fm−1
high-frequency constant in the dielectric function
magnitude of wavevector, m−1
period, m
wavelength in vacuum, m
wavenumber, cm−1
angular frequency, rad s−1
plasma frequency, rad s−1
out-of-plane or the z-direction
in-plane or the x- or y-direction
base
top

Hyperbolic materials are a special category of anisotropic media that have metallic behaviors
(i.e., negative permittivity) or dielectric behaviors (i.e., positive permittivity) in different directions [21]. Because natural hyperbolic materials are scarce especially in the visible range, previous
research has been largely focused on artificially constructed metamaterials such as alternating
multilayers of metal and dielectric that can effectively show hyperbolic response [21, 22]. These
multilayer metamaterials can enable high absorption in a relatively broad spectral region when
sculpted to a tapering sawtooth shape [23–25], indicating a potential way of achieving broadband
absorption from hyperbolic responses. Different from the broadband absorption achieved by
packing together isolated resonators with close resonance wavelength, the broadband absorption
in hyperbolic metamaterials relies on perfect absorption that can theoretically be achieved at
continuous wavelengths inside the hyperbolic frequency regions of the materials. The fabrication
process is often very challenging, especially in the visible and near-infrared regions, because the
deposition and etching of layers of metals and dielectrics need to be precisely controlled at very
small length scales [26, 27].
It has been shown that materials with natural hyperbolicity are accessible from the visible to the
microwave range [28]. Due to crystalline anisotropy or the layered structures, these materials can
exhibit intrinsic hyperbolic dispersion in a certain frequency region. In the present study, we show
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that omnidirectional broadband perfect absorption can be attained using trapezoidal gratings made
of hexagonal boron nitride (hBN) in the mid-infrared region, where hBN exhibits a type II
hyperbolicity. The numerical algorithm based on anisotropic rigorous-coupled wave analysis is
used to calculate the absorptance of the structure as well as the local power dissipation and
electromagnetic field distributions. The mechanisms of the perfect absorption are elucidated.
Furthermore, the effects of the trapezoidal geometric parameters on the bandwidth of the absorptance spectrum are examined.

Proposed structure for perfect absorption
The proposed trapezoidal grating structure is illustrated in Figure 1 using hBN as an example of
natural hyperbolic materials to construct the perfect absorber in a relative broad mid-infrared band.
The hBN grating is periodic in the x-direction (with a period Ʌ) and extends to infinity in the
y-direction. Each period contains an hBN isosceles trapezoid whose height, short, and long bases are
h, tt, and tb, respectively. The substrate is made of silver (Ag) and is thick enough to be treated as
opaque (semi-infinite). Therefore, the incident light will be either reflected or absorbed, and the
absorptance can be indirectly calculated from one minus the reflectivity. Plane waves are incident
from vacuum at an incidence angle θ. The plane of incidence is the x–z plane and the magnetic field
is polarized in the y-direction, i.e., transverse magnetic (TM) waves. The wavevector of the incident
wave can be expressed as kinc ¼ k0 sin θ ^x þ k0 cos θ ^z, where k0 is the magnitude of the wavevector
in a vacuum. The dielectric function of Ag is obtained using a Drude model [29]:
εðωÞ ¼ ε1 

ω2p
ωðω þ iγÞ

;

where the used parameters are plasma frequency ωp ¼ 1:39  1016 rad=s, scattering rate
constant
ε1 ¼ 3:4. The anisotropic property of hBN is
γ ¼ 2:7  1013 rad=s, and high-frequency



described by a tensor, εhBN ¼ diag ε? ; ε? ; εk , with the optical axis in the z-direction in the given

Figure 1. Schematic of the proposed hBN trapezoidal grating structure.
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coordinate [30]. The real and imaginary parts of the dielectric function are respectively denoted as
ε0 and ε00 hereafter. The in-plane transverse and longitudinal optical phonon modes in hBN
respectively locate at 1370 and 1610 cm−1 and result in a type II hyperbolic region from about
6.2 to 7.3 μm, in which ε0? <0 and ε0k >0.
The standard RCWA algorithm was extended to include anisotropic materials [31] and the
anisotropic rigorous-coupled wave analysis is employed here to calculate the reflectance as well as
electromagnetic field distribution. In the modeling, the incident medium is a vacuum and the
substrate is Ag. The hBN trapezoid is discretized into 100 layers in the z-direction in a stairwise
manner and thus the thickness of each layer is 100 nm. Each of the layers possesses the same period
in the x-direction but a gradually changed filling ratio. In the spectrum calculations, 141 diffraction
orders are used to ensure convergence. The field plot is calculated using a total diffraction
order of 1001.
The absorption spectrum of the designed structure is displayed in Figure 2 for TM waves with
h = 10 μm, Ʌ = 3 μm, tt = 0.04 μm, and tb = 2 μm. The absorptance is close to unity in a
relatively broad wavelength range for which hBN exhibits type II hyperbolicity. The sharp drop at
the edges of the high absorption range is due to the disappearance of hyperbolicity of hBN and is
a prominent difference compared to the absorption spectrum of a coherent resonator. Note that
the bandwidth of the perfect absorption achieved using hBN may not be very broad because its
hyperbolic region only extends from 6.2 to 7.3 μm. However, the methodology discussed here can
be applied to other hyperbolic materials with much broader hyperbolic regions [28] and the
maximum bandwidth of the perfect absorption is solely limited by the wavelength range of the
hyperbolic region of the material.
The broadband absorptance is insensitive to the incidence direction as demonstrated in
Figure 3, unlike the narrowband absorption caused by surface waves such as surface plasmon
polaritons [29]. The spectrum maintains its broadband feature omnidirectionally and the absorptance remains higher than 0.8 even at θ ¼ 80 . Furthermore, one may use gratings with hBN
pyramids, which is a two-dimensional counterpart of the proposed structure, to obtain broadband

Figure 2. Absorptance spectrum for TM waves at normal incidence (θ ¼ 0 ) of the proposed structure (shown in the inset) with
hBN trapezoidal gratings on an Ag substrate. The grating parameters are h = 10 μm, Ʌ = 3 μm, tt = 0.04 μm, and tb = 2 μm.
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Figure 3. Angular dependence of the broadband absorptance of the trapezoidal grating with the same geometry as the structure
shown in Figure 1.

high absorption for both polarizations. One way to fabricate such a structure is to use a templatestripping method by applying Si wafers with inverted pyramids as a template [32], though
challenges exist in tuning the geometries of the pyramid. Alternatively, electron beam lithography
may be used to directly pattern the grating on a hBN film as has been demonstrated with similar
nanocone structures [33, 34].

Discussion of underlying mechanisms
The mechanisms of the broadband absorption can be elucidated by the contour plots in Figure 4.
The three columns are for three different wavelengths: λ = 6.63, 7, and 7.2 μm, respectively. The local
power dissipation density [31, 35] is calculated based on


1
wðx; zÞ ¼ ε0 ω ε00? jEx j2 þ ε00k jEz j2 ;
2
where ε0 and ω are the vacuum permittivity and angular frequency, respectively. The dissipation
profile is shown in the upper row. The magnitude of the z-component electric field (Ez) is displayed
in the lower row. The absorptance at all three wavelengths is greater than 0.99. At λ = 6.63 μm, the
dissipation accumulates mostly at the upper portion of the hBN trapezoid as shown in Figure 4a,
indicating that the majority of the power is dissipated therein. When the resonance wavelength
becomes longer, the dissipation profile moves toward the bottom of the trapezoid, as shown in
Figures 4b and 4c. Note that in the type II hyperbolic region, the major contribution to the
dissipation comes from the in-plane losses. For example, at λ = 7 μm, ε? = −16.338 + 0.924i and
εk = 2.784 + 0.0006i. Therefore, although the in-plane electric field jEx j in hBN is nearly one order of
magnitude smaller compared to jEz j, it can still dominate the contribution to power dissipation w.
The distribution of jEx j in the hBN grating is very similar to that of w and thus is not shown. The
distribution of jEz j is very different because it is higher near the sides than at the center. Though jEz j
appears to be symmetric, the signs are opposite on the left and right sides. The current field inside
the grating actually forms loops, as in the case of magnetic polaritons [7]. The dissipation contours
show a clear standing wave feature with a relatively longer spatial period toward the lower part of the
trapezoid, and the electric field plots echo this pattern well. The absorption in different regions can
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Figure 4. (a)–(c) Local power dissipation density and (d)–(f) z-component electric field at three different resonance wavelengths: (Left column) λ = 6.63 μm or ν = 1508 cm−1, (middle column) λ = 7 μm or ν = 1429 cm−1, and (right column) λ = 7.2 μm
or ν = 1389 cm−1. Values exceeding 3,000 W/m3 or 5 V/m are shown in white color. The incidence electric field is 1 V/m. The
surfaces of the trapezoids and the Ag substrate are delineated by dashed lines.

be obtained by a volumetric integration of the local power dissipation [31]. It is found that almost all
of the power is dissipated within the hBN trapezoid and the absorption by the Ag substrate is less
than 1%. The field plots also reveal that the resonances are highly localized, indicating that the
coupling between neighboring hBN trapezoids can be neglected. These resonance features are caused
by the waveguide modes, to be discussed next.
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Considering a waveguide whose core is made of a uniaxial anisotropic material whose dielectric
tensor ε is described by ε? and εk , as illustrated in Figure 5a, where the cladding material is assumed
to be vacuum with a dielectric function ε2 ¼ 1. The waveguide is infinite long along the z-direction
and its width is denoted as t. For TM waves, the dispersion of the waveguide modes can be
expressed as


kx;2 εk
kx;1 t
;
¼ tan
2
kx;1 ε2
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ


where kx;2 ¼ ζ 2  ε2 k20 and kx;1 ¼ εk k20  εk =ε? ζ 2 , with ζ being the z-component of the
wavevectors in both regions [24]. Figure 5b shows the dispersion relationship of the fundamental
waveguide mode at t = 0.2, 0.6, 1, 1.4, and 1.8 μm when the core material is hBN. Here, the
frequency is expressed in terms of wavenumber, ν ¼ ω=ð2πc0 Þ, with c0 being the light speed in a
vacuum. Note that loss is neglected when solving the dispersion curves. The group velocity is along
the z-direction and can be obtained from the dispersion curves because vg ¼ dω=dζ. For a specific
core width, the slope of the dispersion curve is positive at small values of ζ, suggesting that a positive
group velocity and the power will flow inside the waveguide toward the positive z-direction.
However, vg decreases as ζ increases and becomes zero at maximum of the dispersion curve, beyond
which vg becomes negative. There exists a slow-light effect at the maximum point, where the energy
of the wave is trapped inside the waveguide without propagating [23, 24]. Therefore, a hyperbolic
waveguide with a specific core width can effectively halt the power flow at a certain wavelength.
When t becomes larger, the standing waves will occur at lower frequencies or longer wavelengths.
Because the coupling between neighboring hBN trapezoids is negligible, each trapezoid can be
viewed as a waveguide with an increasing core width. For a specific wavelength, the incident wave
enters the hBN trapezoid from the narrower end and the power can propagate downward. As the
core width becomes larger, vg decreases gradually as the power flows down. At a certain t, vg
becomes zero and the power is trapped at this location without further flowing due to the slow-light
effect. For example, for λ = 6.63 μm (ν = 1508 cm−1), the slow-light effect occurs at t = 1 μm, which
matches well with the field plots shown in Figures 4a and 4d where the field stops propagating
around halfway of the trapezoid. For λ = 7 μm (ν = 1429 cm−1) and λ = 7.2 μm (ν = 1389 cm−1), the
slow-light effect occurs respectively at t = 1.44 and 1.73 μm, also corresponding well to the
dissipation contours and field plots in Figure 4. At a specific t, the waveguide supports two modes

Figure 5. (a) Schematic of an anisotropic waveguide made of a uniaxial material with its optical axis in the z-direction cladded by a
dielectric material (ε2 ). (b) The dispersion curves of the fundamental waveguide mode in a hyperbolic waveguide with different
waveguide widths (t) when the core material is hBN.

130

B. ZHAO AND Z. M. ZHANG

with different ζ values. The standing wave patterns are created due to interference effect of these two
waves. Because the spatial period of interference patterns is inversely proportional to the difference
between the two ζ values, the period is relatively longer near the location that supports slow-light
effects where the difference in the two ζ values degenerates to zero [24]. This difference tends to be
larger toward the top of the trapezoid where t becomes smaller, resulting in shorter spatial periods
therein. Note that because the slow-light effect requires a type II hyperbolicity, the broadband
absorption cannot be supported by the proposed grating structure in the type I hyperbolic region
(i.e., ε0? >0 and ε0k <0), which can also be supported by hBN at longer wavelengths. The phenomenon
presented here is thus very different from the perfect absorption caused by hyperbolic phonon
polaritons in hBN [31], where both hyperbolicities can result in high absorption.
Considering that absorption requires a slow-light effect, one can engineer the absorption band by
designing the shape of the trapezoid. An example is shown in Figure 6, where only the upper half,
middle part, or the lower half of the trapezoid of the structure in Figure 2 is present in each case with
h = 5 μm and Ʌ = 3 μm. The trapezoid is divided into 50 layers in the z-direction using a stairwise
discretization. The solid line represents the absorptance in the case for 0.04 μm < t < 1 μm (upper
half). Such a shape can support the slow-light effect for 6.22 μm < λ < 6.63 μm. The middle part or
the lower half of the trapezoid supports the slow-light effect for regions with 6.36 μm < λ < 7.06 μm
and 6.63 μm < λ < 7.29 μm, respectively. Figure 6 suggests that broadband perfect absorption may be
engineered in the desired wavelength range and, moreover, the range may be extended from the
ultraviolet to microwave regions by tailoring the geometry parameters of the trapezoid using suitable
natural type II hyperbolic materials [28]. Note that the high absorptance peak at 6.2 μm is at the edge
of the hyperbolic region, where ε0? goes from positive to negative across zero as the wavelength
becomes longer. Thus, the absorption peak is presumably caused by an epsilon-near-zero effect [36]
that is not related to the mechanism discussed here.
The substrate of the structure can affect the radiative properties of the structures at the
wavelengths at which the slow light effect is not supported. Figure 7 shows the reflectance

Figure 6. Absorptance spectrum of trapezoidal gratings when only the upper half, middle part, or lower half of the trapezoid in
Figure 1 is present: The solid line represents the case where tt = 0.04 μm and tb = 1 μm (upper half); the dash-dot line is with tt =
0.5 μm and tb = 1.5 μm (middle part); and the dashed line is when tt = 1 μm and tb = 2 μm (lower half). For all cases, h = 5 μm
and Ʌ = 3 μm.
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Figure 7. Reflectance (dashed line), transmittance (dot-dashed line), and absorptance (solid line) for TM waves at normal incidence
(θ ¼ 0 ) of four difference hBN trapezoid gratings suspended in vacuum: (a) a grating the same geometries as the structure in
Figure 2; (b) only the upper half is present; (c) only the middle part is present; and (d) only the lower half is present.

(dashed line), transmittance (dot-dashed line), and absorptance (solid line) for TM waves for four
different suspended gratings without a metal substrate. Figure 7a corresponds to a suspended
hBN trapezoid grating in vacuum with the same grating geometries as the structure in Figure 2
without the substrate. It can be seen that the substrate plays little role on the absorptance
spectrum, and the transmission is essentially zero, indicating a broadband antireflection effect.
Thus, different materials other than Ag may be used as a substrate in real fabrications.
Additionally, if only the upper half is present, the suspended grating can still support wavelength-selective high absorptance for short wavelengths where the slow-light effect is present, as
shown in Figure 7b. Similar effects can be seen in Figures 7c and 7d as well, where only the
middle and lower parts of the trapezoid are present, respectively. As the wavelength increases, the
transmittance increases gradually but the reflectance does not change significantly. This can be
understood because when t is small, the incident waves, regardless of wavelength, can enter the
grating region without being reflected due to impedance matching. However, the transmittance is
high for longer wavelengths because there is no slow-light effect to trap the energy inside the
grating. Similar effects can be seen in Figure 7c as well. Therefore, a metal substrate, if present,
can reflect these waves back and increase the reflectance, as indicated by Figure 6. When only the
middle part is present, the reflectance of the short wavelengths increased as shown in Figure 7c.
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This is because the incident waves of short wavelengths are difficult to couple with the fundamental waveguide mode in the hBN trapezoid and thus are reflected due to poor impedance
matching. A similar phenomena can be seen in Figure 7d when only the lower half is present.
This effect also exists in the structures with a substrate as shown in Figure 6. The absorption
peaks presumably caused by the epsilon-near-zero effect shows up for all cases.

Conclusions
In conclusion, this work demonstrates that trapezoidal gratings made of materials that possess an
intrinsic type II hyperbolic region can yield broadband perfect absorption. The mechanism is
attributed to a slow-light effect in hyperbolic waveguides, along with the impedance matching
condition. The absorption is nearly omnidirectional, and the absorption bandwidth, as well as the
spectral range, can be engineered by the shapes of the trapezoid. The substrate can increase the
reflectance of the wavelengths that can enter the grating region but not be halted by the slow-light
effect. These findings may facilitate the usage of available natural hyperbolic materials to achieve
broadband absorption, which can benefit a wide variety of applications including solar–thermal
conversion, radiative cooling, and photodetection.
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