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Abstract: Stealth and camouflage technology in the infrared band has been a topic of wide
interest in recent years. Wave propagation direction control is an important technology to achieve
electromagnetic stealth. One-dimensional photonic crystals (1D PhC) composed of isotropic and
anisotropic dielectric is an approach for achieving orientation selection. Asymmetric directional
transmission-emission is an important component in energy issues and heat transfer. The
hyperbolic metamaterial (HMM) plate can realize asymmetric performances by combining 1D
PhC with an HMM plate to achieve asymmetric directional control. Among them, an HMM
plate comprises metallic silver and an isotropic dielectric. 1D PhC consists of an isotropic
dielectric and a layered structure with uniaxial properties. The resulting performance is effective
within 270-390 terahertz, achieving a relative bandwidth of 36.3% and coverage of short-wave
near-infrared. The asymmetry is reflected in the directional absorption-emission function for
electromagnetic waves incident at positive angles and the directional transmission passage for
electromagnetic waves incident at negative angles. It has an extremely broad application prospect
in infrared stealth, radiative cooling, thermal camouflage, and so on.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Thermal radiation is electromagnetic (EM) wave radiation produced by the random movement of
electrical charges [1], and the phenomenon of thermal radiation occurs whenever the temperature
is above absolute zero. The energy of thermal radiation is transmitted in the form of EM
waves from a high-temperature object to a low-temperature one without relying on any medium.
With the continuous development of technology, thermal radiation technology has been widely
used in infrared sensors [2,3], thermal illusions [4], thermal camouflage [5], and other fields.
Conventional sources of thermal radiation [6], such as incandescent lamps, tend to produce
continuous, omnidirectional, unpolarised light due to the thermally induced movement of
molecules. This characteristic is not conducive to the control of thermal radiation and often
results in energy losses in undesired wavelengths and directions [7]. In 2023, Ying et al.
[8] directed thermal radiation from two atmospheric windows has been achieved using the
Fabry–Pérot cavity and the Brewster effect but its selectivity is restricted due to the limitations of
the Brewster effect in general. In the same year, Fan et al. [9] proposed a pixelated directional
micro-emitter, which improves the directional control performance to a certain extent, however,
the angular range of its control is small. It is clear that devices with directional selection
functions are essential in the field of heat radiation. Short-wave near infrared region (SW-NIR)
has important applications in infrared stealth technology, thermal emitters and other fields, and is
an important part of the infrared band [2].
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Angle selection (AS) is an important approach for directional control of EM waves. Shen et
al. [10] proposed a method of AS using the Brewster effect in 2014, since then, different AS
strategies have been presented. In recent years, a variety of perspective AS strategies have been
raised that have shown promising applications in many areas, two of these works are extremely
representative. One, by Iizuka et al. [11] in the same group in 2016, introduced an AS achieved
using a photonic band gap [11] that is effective for both transverse electric (TE) mode and
transverse magnetic (TM) one with extreme selectivity but is limited by the photonic band gap,
which maintains the effect only in a narrow band. Another is the broadband AS achieved using
one-dimensional (1D) photonic crystals (PhC) of isotropic and anisotropic layers brought by
Qu et al. in 2018 [12]. This approach sacrifices some selectivity but achieves an expansion of
bandwidth. In addition to these, there is a lot of excellent work in the field of AS, such as the
use of Bragg reflector, gradient epsilon-near-zero materials, and uniaxial artificial dielectric-EM
plates [13–16]. AS is of significant value in antenna design, privacy protection, and other
areas where EM direction control is required. Overall, AS focuses on aspects of polarization,
selectivity, and bandwidth, and the principles that usually fit the requirements are employed in
general design.

Asymmetry has a crucial role in the design of EM devices, such as dynamic spatiotemporal
modulation, optical isolators, and EM shielding [17–19]. Asymmetric devices have been
extensively studied over the last few decades. The prevalent methods of realizing asymmetry are
mainly achieved through the EM field response of the materials such as using weyl semimetals
[20], and plasma with enhanced Faraday rotation [21]. Meanwhile, the realization of asymmetric
effects using HMM is an important method of asymmetric research. Asymmetric directional
control with means of metal-insulator-metal metastructure [8] and resonant gratings [22] is a
typical example of the use of structural features to achieve asymmetric functionality. HMMs
embody complex pattern characteristics because of their various anisotropic EM properties [23].
A flat plate made of stacked metallic multilayer film structures possess HMM properties [24] can
be called HMM plate. Effective-medium theory [25] and transfer matrix method (TMM) [26]
can be used to calculate the properties of HMM plate. Due to the anisotropic nature of HMM
plate, it has different responses to EM waves incident at positive angles (+θs) and negative angles
(-θs) [27], which can be used to achieve the effect of asymmetric control of EM waves. The
introduction of HMM is a new means of achieving asymmetric performance. The structure of
HMM plate is even simpler than a grating, and it is a concise and effective method of achieving
asymmetric effects, which is potentially valuable in the fields of enhancement of spontaneous
radiation, biosensing, and so on [28–30].

In this paper, a hyperbolic metastructure (HMS) is presented to achieve ultra-wideband
asymmetric directional control. [28] HMM plate with asymmetric nature and 1D PhC structure
work together to achieve the final result. HMM plate achieves an ultra-broadband angular
asymmetric effect, however, its selectivity is poor. 1D PhC structure achieves broadband
symmetric AS. When the EM waves under TM mode pass through the 1D PhC, only the EM
waves within the selected range can be transmitted through. When the EM wave enters the HMM
plate, the EM waves incident at +θs is absorbed, and the EM waves incident at -θs continues to
transmit through the HMM plate. According to Kirchhoff’s law [31] in thermodynamics, the
absorption is equal to the emission in thermal equilibrium. The ultra-wideband asymmetric
directional control device proposed in this paper forms a directional emission for positive-angle
incident EM waves and a directional transmission for negative-angle incident EM waves in
270-390 terahertz (THz). It has a relative bandwidth of 36.3%, covering the entire SW-NIR. The
emission from +θs can achieve the effect of radiative cooling, and the directional transmission
on the negative scale can be used in thermal camouflage, infrared stealth, and other fields. The
design overcomes many previous problems of thermal radiation without direction, polarization,
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and narrow bandwidth, and achieves excellent performance, providing a guiding method for
solving problems in the field of thermal radiation.

2. Design and method

2.1. Theoretical model

The structural composition of HMM plate is shown in Fig. 1. Figure 1(a) indicates that the device
is spliced by 1D PhC and HMM plate, where d1= 7 µm and d2= 15 µm. Figure 1 (b) shows the
specific structure of 1D PhC, which is formed by the alternating arrangement of various isotropic
and anisotropic media, where dA= 50 nm, and dB= 50 nm. Taking one layer of isotropic and
anisotropic media as a period, the 1D PhC contains a total of the total number of periods in 1D
PhC is 70. εA= 2.6, µA= 1 [32] is the isotropic dielectric and the tensor form of the dielectric B
is εB= (2.49, 2.50, 2.50) [13], µB= 1 is the anisotropic dielectric. The dielectric B is the result
of the equalization, the construction method of a layer of anisotropic dielectric B is indicated
in Fig. 1 (c). The two dielectrics B1 and B2 are arranged alternately in the surface direction.
dB1= 20 nm and dB2= 20 nm, which are much smaller than the scale of the wavelength of incident
EM wave wavelength, can be equated by the theory of equivalent media in the propagation
direction and the surface direction, respectively. Figure 1 (d) shows a schematic diagram of the
HMM plate, which consists of an alternating arrangement of silver (Ag) [33] and an isotropic
dielectric. Where the dielectric parameter of Ag can be described by the Drude model [33], and
in HMM plate εC= 3.2, µC= 1 [34]. The structural parameters of the HMM plate are illustrated
in Fig. 1 (e), where dC= 50 nm, dAg= 10 nm, φ=30°.

Fig. 1. (a) The overall configuration of the ultra-wideband asymmetric directional control
device; (b) The specific structure of 1D PhC is composed of alternating arrangements of
isotropic and anisotropic media; (c) The synthesis method of anisotropic media, where the
red arrow represents the direction of incidence; (d) Three-dimensional structural diagram
of HMM plate; (e) The planar structure of HMM plate is composed of Ag and isotropic
dielectric, where k1z and k2z represent two opposite wave vectors in the propagation direction.

2.2. Calculation method

Metal has the characteristics of dielectric parameters with small real part and large imaginary
part [35], and a series of phenomena such as surface plasmon which can be excited by metal
[35]. In previous studies [33,35], the Drude model of metals has been verified to be correct
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and effective theoretically and experimentally [36]. Ag is a kind of widely used metal, and its
dielectric parameters can be described as follows [33]:

εm = 1 −
ω2

p

ω(ω + iγ)
(1)

In Eq. (1), ωp= 1.37× 1016 Hz and γ=3.21× 1013 Hz. As shown in Fig. 1 (d), the Ag in the
proposed metastructure is arranged alternately with each isotropic dielectric in the x-direction and
tilted at 30°. The un-tilted case, i.e., each anisotropic dielectric layer in Fig. 1 (c), is considered
first. When the dielectric film size is much smaller than the incident wavelength scale, in each of
the two directions it can be equated with the equivalent dielectric theory [25], which eventually
results in a dielectric tensor form similar to that of a uniaxial crystal [25]. The 1D arrangement
of the HMM plate is illustrated in Fig. 1 (e), for which this arrangement can be obtained by doing
a rotational transformation of the uniaxial crystal. The tensor form of anisotropic media layers in
1D PhC can be equivalent to [37]:

˜︁ε = ⎛⎜⎜⎜⎜⎝
εxx 0 0

0 εyy 0

0 0 εzz

⎞⎟⎟⎟⎟⎠
(2)

Among them, εxx, εyy, and εzz represent the equivalent dielectric constants in three directions,
and their values can be obtained through equivalent medium theory [34]. The dielectric constant
components in each direction are: [36]:

εyy = εzz = εmfm + εefe (3)

εxx =
εeεm

εefm + εmfe
(4)

When a certain angle of rotation is made about the x-direction, the dielectric tensor form changes
accordingly. When φ=30° represents the tilt angle in the+ x-direction, the required angularly
transformed basis vectors are of the form [38]:

P =

⎡⎢⎢⎢⎢⎢⎢⎢⎣
cos φ 0 sin φ

0 1 0

sin φ 0 cos φ

⎤⎥⎥⎥⎥⎥⎥⎥⎦
(5)

The tensor form of HMM plate can be expressed as:

˜︁ε = p′˜︁εp = ⎛⎜⎜⎜⎜⎝
εxx 0 εxz

0 εyy 0

εzx 0 εzz

⎞⎟⎟⎟⎟⎠
(6)

where
εxx = εxxcos2φ + εyysin2φ (7)

εxz = εzx = (εyy − εxx)sinφ cos φ (8)

εzz = εxxsin2φ + εyycos2φ (9)

For isotropic dielectrics, only the effective optical admittance and spatial phase need to be
calculated in the transfer matrix. For general anisotropic media such as magnetized plasma and
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indium antimonide [39–41], their optical rotation properties are usually considered to decompose
the incident EM wave into two directions for calculation and solution. For such situations in
this article, the generalized TMM is used for solving. Generally speaking, in the TMM, the two
elements on the main diagonal of the phase matrix have equal absolute values [37]. In HMM
plate, the upward and downward wave vectors in the z-direction are not equal and need to be
changed. Firstly, the form of Maxwell’s equations in the solenoidal vector region is as follows
[40]:

∇ · D = ρ0 (10)

∇ · B = 0 (11)

∇ × E = −
∂B
∂t

(12)

∇ × H = ∂D
∂t

(13)

In a layered structure, the magnetic field can be represented as:

Hy = H+y ŷ +H−
y ŷ = H+y0ei(k+z z+kxx−ωt)ŷ +H−

y0ei(k−z z+kxx−ωt)ŷ (14)

Among them, kz
+ and kz

− represent two waves propagating in the z-direction, which can be
taken into Eq. (13) to obtain:

∇ × Hy =

|︁|︁|︁|︁|︁|︁|︁|︁|︁
x̂ ŷ ẑ
∂
∂x

∂
∂y

∂
∂z

0 Hy 0

|︁|︁|︁|︁|︁|︁|︁|︁|︁ (15)

Similarly, from Eq. (10), it can be evolved that:

⎛⎜⎜⎜⎜⎝
Dx

0

Dz

⎞⎟⎟⎟⎟⎠
= ε0

⎛⎜⎜⎜⎜⎝
εxx 0 εxz

0 εyy 0

εzx 0 εzz

⎞⎟⎟⎟⎟⎠
⎛⎜⎜⎜⎜⎝

Ex

0

Ez

⎞⎟⎟⎟⎟⎠
(16)

∂D
∂t
= −iωε0(εxxEx + εxzEz)ˆ︁x − iωε0(εzxEx + εzzEz)ˆ︁z (17)

From this, it is derived that:⎧⎪⎪⎨⎪⎪⎩
k+z H+y +k−z H−

y =ωε0(εxxEx + εxzEz)

kx(H+y +H−
y ) = ωε0((εzxEx + εzzEz))

(18)

From Eq. (17), Ex can be obtained:

Ex =
εzzk+z +εxzkx

ωε0(εxxεzz − ε
2
xz)

H+y +
εzzk+z +εxzkx

ωε0(εxxεzz − ε
2
xz)

H−
y (19)

The wave vector remains unchanged in the x-direction, while there is more than one solution
for the wave vector in the z direction. To calculate kz, we can first obtain from Eq. (5):

∂Ex

∂z
−
∂Ez

∂x
= iωµ0µrH+y (20)

By substituting Eqs. (19) and (20) into Eq. (18), we can obtain the quadratic equation for kz:

εzzk2
z + (εxzkx + kxεzx) + εxxk2

x = k2
0(εxxεzz − ε

2
xz) (21)
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The two solutions of kz obtained by solving Eq. (21) are:⎧⎪⎪⎨⎪⎪⎩
k1

z =
[︂
−εxzkx +

√︂
(ε2

xz − εzzεxx)(k2
x − k2

0εzz)
]︂
/εzz

k2
z =

[︂
−εxzkx −

√︂
(ε2

xz − εzzεxx)(k2
x − k2

0εzz)
]︂
/εzz

(22)

These two solutions correspond to two characteristic modes in the plate, which are two plane
waves traveling in opposite directions. In ordinary materials, the two kz are opposite, so the
structure is symmetric. However, for the current HMM plate, if kx is not equal to 0, then
the two kz are not opposite, as shown in Fig. 2. Thus, Eq. (22) is the origin of asymmetric
transmission-emission properties.

Fig. 2. The equipotential lines of HMM plate, k1z and k2z are two opposite wave vectors in
Eq. (19), and k0z represents that the equipotential line of an isotropic dielectric is a closed
circle.

The configuration of 1D HMM plate is shown in Fig. 1 (d), where the metal and dielectric
are alternately arranged and tilted at a certain angle. From the perspective of matrix form,
the negative εyy in the tensor before tilting reflects the property of negative refraction. The
tensor possesses both positive and negative refractive indices, exhibiting the characteristics of
HMMs [27]. The tilted arrangement results in unequal wave vector values in the z-direction,
thus distinguishing it from typical HMMs. As shown in Fig. 2, the real parts of k1

z and k2
z

correspond to two hyperbolas in the iso-frequency line, respectively. When γ=0, there is no loss,
and k0

z represents the equipotential line in this case. It can be seen that this HMM plate exhibits
properties of HMMs [24].

The propagation of EM waves in HMM plate mainly occurs through the wave impedance Z,
which can be expressed as [38]:

Z = −
(k2

x − k2
0εzz)

ωε0(ε
2
xz − εxxεzz)

(23)

The size of Ex can be represented by Z:

Ex = ZH+y −ZH−
y (24)

The propagation of magnetic field at different interfaces can be obtained from the boundary
conditions:

H+yi+H−
yj=H+yj+H−

yi

ZiH+yi−ZiH−
yi=ZjH+yj−ZjH−

yj

(25)
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Converting Eq. (25) into matrix form can be expressed as:⎡⎢⎢⎢⎢⎣
1 1

Zi −Zi

⎤⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎣

H+yi

H−
yi

⎤⎥⎥⎥⎥⎦ =
⎡⎢⎢⎢⎢⎣

1 1

Zj −Zj

⎤⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎣

H+yj

H−
yj

⎤⎥⎥⎥⎥⎦ (26)

The matrix at the interface can be written as:

T =
⎡⎢⎢⎢⎢⎣

1 1

Z −Z

⎤⎥⎥⎥⎥⎦ (27)

The transfer matrix form between two interfaces can be expressed as:

Ti

⎡⎢⎢⎢⎢⎣
H+yi

H−
yi

⎤⎥⎥⎥⎥⎦ = Tj

⎡⎢⎢⎢⎢⎣
H+yj

H−
yj

⎤⎥⎥⎥⎥⎦ (28)

The phase matrix in HMM plate can be expressed as:

P =
⎡⎢⎢⎢⎢⎣

e−ik2w 0

0 e−ik1w

⎤⎥⎥⎥⎥⎦ (29)

The matrix at the interface between air and medium is:

T1 =

⎡⎢⎢⎢⎢⎣
1 1√︂

µ0
ε0

cos θ −

√︂
µ0
ε0

cos θ

⎤⎥⎥⎥⎥⎦ (30)

For the entire HMM plate, its total transfer matrix is:

MHMMplate = T−1
1 T2PT−1

2 T1 (31)

Hin, Hout, and Hr denote the magnetic fields of incident, outgoing and reflected light, respectively,
the following relations are satisfied:⎡⎢⎢⎢⎢⎣

Hin

Hr

⎤⎥⎥⎥⎥⎦ = MHMM plate

⎡⎢⎢⎢⎢⎣
Hout

0

⎤⎥⎥⎥⎥⎦ =
⎡⎢⎢⎢⎢⎣

M11 M12

M21 M22

⎤⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎣

Hout

0

⎤⎥⎥⎥⎥⎦ (32)

Transmission Tr, reflection R, and absorption A can be derived from the following equation:

Tr(θ) =
|︁|︁|︁Hout

Hin

|︁|︁|︁2 = |︁|︁|︁ 1
M11

|︁|︁|︁2
R(θ) =

|︁|︁|︁ Hr
Hin

|︁|︁|︁2 = |︁|︁|︁M21
M11

|︁|︁|︁2
A(θ) = 1 − Tr(θ) − R(θ)

(33)

The Tr(θ) in Eq. (33) indicates the transmission corresponding to the EM wave incident from
+θs, and the corresponding Tr(-θ) represents the situation when incident at -θs. R(±θ) and
A(±θ) are also used to distinguish EM waves incident in different directions. When dealing with
anisotropic dielectric in 1D PhC, the numerical values of εxz and εzx are 0. Assigning these two
values to 0 during calculation is sufficient. According to Kirchhoff’s law [31], when an object is
in thermal equilibrium, the directional emissivity is equal to the surface absorptivity [1]. This
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effect hinders energy conversion in applications. The classic method to break this situation is to
use the magneto-optical effect, which essentially breaks the time reversal symmetry [42]. The
tensor form of HMM plate is very similar to magneto-optical media, resulting in the asymmetric
properties of HMM plate. In this case, the emissivity (e) can be calculated by the following
equation: [43]:

e(θ) = 1 − Tr(θ) − R(−θ) (34)

The anisotropic layer and HMM plate in 1D PhC need to be calculated using equivalent
methods [25]. The isotropic dielectric layer in 1D PhC can be calculated in the same form
by simply degrading the TMM. Thus, the EM properties of the ultra-wideband asymmetric
directional control device can be characterized by TMM. We have validated the transfer matrix
method based on equivalent medium theory using HFSS, and the results show that our method is
reasonable and effective.

3. Results and analysis

3.1. AS for 1D PhC

The HMS is composed of two basic units as shown in Fig. 1 (a). The red curves with arrows in
Fig. 1 indicate the direction of EM wave incidence in each structure. This method of unit splicing
to achieve the effect stems from the transmission nature of EM waves, which are transmitted in
the 1D PhC to enter the HMM plate as an incident wave. The roles played by ID PhC and HMM
plate in the HMS will be given in detail in Sections 3.1–3.3.

The Brewster effect is an important research branch in thermal radiation. For EM waves in TM
mode, when θ=θB(Brewster angle), the EM waves are completely transmitted without reflection.
The schematic diagram of this phenomenon is shown in Fig. 3.

Fig. 3. Schematic diagram of Brewster effect.

In 2021, Yin et al. [12] constructed and experimentally verified an 1D PhC with alternating
arrangements of isotropic and anisotropic media. Herein, anisotropic dielectrics are constructed,
which forms the effect of ultra-wideband AS. 1D PhC consists of two dielectrics arranged
periodically. When the number of 1D PhC layers (N) increases, the selectivity of the photonic
band gap is enhanced for classical 1D PhC [12]. The given 1D PhC is actually a broadening of
the Brewster effect. The classical Brewster effect refers to the fact that when a TM wave passes
through a lossless medium, when the incident angle reaches a certain value, all the EM wave
transmits through the medium [9]. This behavior can be described by the equation as [9]:

θB = tan−1
√︃
ε2
ε1

(35)

where ε1 denotes the dielectric constant of the plane of incidence and ε2 denotes the dielectric
constant of the medium. In 2014, Shen et al. [10] firstly realized AS using the Brewster effect,
however, it is only effective in a narrow band over the angular domain. The presented 1D PhC
realizes the broadening of the AS region by the increase of N. As shown in Fig. 4 (a), when
N= 20, the AS function is almost absent. As N increases, Figs. 4 (b), (c) and (d) denote the cases
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of N= 40, N= 70, and N= 100, respectively, it can be seen that as N increases, the widening of
the AS region is realized with a wide band. The selection range is ±60°-80° and Tr is large in
the region outside the AS region. In this paper, a novel angle-selective structure, an anisotropic
dielectric plate is proposed to be constructed using a medium similar to uniaxial crystals. As
shown in Fig. 1(c), the isotropic dielectric, which are arranged alternately in the+ x-direction,
have dimensions much smaller than the operating wavelength. TMM is used to obtain satisfactory
AS results, as shown in Fig. 4. Due to the symmetry of the structural arrangement and the fact
that the construction primitives therein are all isotropic dielectrics, the angular transmission effect
is perfectly symmetric at cases of +θs and -θs in Fig. 4(d). An excellent AS effect (Tr> 0.9) is
formed between 55°-75° with a coverage of 270-390 THz. It is instructive to the design of AS
structures.

Fig. 4. Impacts of different N on AS; (a) N= 20; (b) N= 40; (c) N= 70; (d) N= 100; the
AS effect of 1D PhC has the same performance in - θs and+θs, and the blue dashed line
represents the area where Tr> 0.9.

3.2. Asymmetric transmission-emission for HMM plate

When the HMM plate in Fig. 1(c) is tilted at a 30°, the tensor form changes. Introducing a lossy
medium into it can make the HMM plate have HMM properties [26]. The propagation forms of
the two wave vectors in the z-direction are shown in Fig. 1(e). It can be seen from Fig. 2 that
the iso-frequency lines of the z-direction wave vectors of the HMM plate are open hyperbolas,
which possess the lossy condition and can form the effect of absorption. When the EM wave
enters the HMM plate from -θs, it is incident under the TM mode, and the reflection is 0 when θ
reaches a certain value. The transmission and absorption behavior of HMM plate at f= 300 THz
is reflected in Fig. 5(a). The incident EM waves at +θs and -θs exhibit excellent transmission and
absorption properties. And due to the significant differences among +θs and -θs, HMM plate
demonstrates extraordinary asymmetric characteristics. When θ=±θB, the spectral characteristics
within SW-NIR are shown in Fig. 5 (b). EM waves incident at +θs reflect good absorption
performance, while those incident at -θs exhibit good transmission characteristics. To better
demonstrate the asymmetric characteristics of HMM plates, three-dimensional spectral lines were
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drawn. Figure 5 (c) exhibits the nature of the transmission spectra, with a maximum transmission
around 70°, which decreases as θ changes. This phenomenon stems from the fact that the
refractive indices in the z-direction can be equated, a Brewster effect forms at the interface [9].
When the EM wave is incident from +θ, HMS reflects an excellent absorption effect, as shown in
Fig. 5 (d). The asymmetric Brewster effect is formed among +θs, the nature of the reflection is
the same as at -θs, while the electric field of the transmitted wave is no longer perpendicular to
the Ag film. Current is induced to flow along the metal surface, causing dissipation of EM waves.
The HMM plate forms an ultra-broadband asymmetric absorption-transmission effect covering
the near infrared wavelength band at 270-390 THz. The AS of the asymmetric transmission is
alright, the dashed line for Tr= 0.8 remains essentially linear. However, the AS of the absorption
within +θs is not good due to the limitation of the Brewster effect. From the dashed line for
A= 0.9 the selectivity is slightly lacking within 270-390 THz. Even so, the proposed HMM plate
shows great potential in ultra-wideband asymmetric effects.

Fig. 5. Asymmetric effects of HMM plate. (a) Transmission and absorption spectra in
the angular domain at f= 300THz and (b) in the frequency domain when θ=θB(c) The
transmission effect of θs is divided by the white dashed line in the region where Tr> 0.8. (d)
The absorption effect of+θs is indicated by the white dashed line, which includes the portion
where A> 0.9.

3.3. Realization of asymmetric directional transmission-emission covering the SW-NIR

As shown in Figs. 5(a) and (b), the combination of 1D PhC and HMM plate can achieve an
ultra-wideband asymmetric absorption-transmission effect. A plot of the directional transmission
is illustrated in Fig. 6(a) and Fig. 5(c), where 1D PhC achieves a certain degree of selective
enhancement compared to the action of HMM plate alone. The effect of directional absorption
is shown in Fig. 6(b), in contrast to Fig. 5(d), the introduction of 1D PhC greatly improves the
disadvantage of insufficient selectivity of HMM plate. Based on the Kirchhoff’s law [31], the
emissivity of the HMS can be derived as e(θ)= 1-Tr(+θ)-R(-θ) [43]. Since 1D PhC is symmetric
in the angular domain, from Fig. 6(c), it can be seen that 1D PhC has the same reflective effect on



Research Article Vol. 33, No. 3 / 10 Feb 2025 / Optics Express 5968

EM waves at +θs and -θs. According to the discussion of HMM plate in Section 3.2 and Fig. 5
asymmetric transmission-absorption is due to induced effects for EM waves in different directions
of Ag. As shown in Fig. 6(d), the value of e(θ) can be derived from Eq. (34). The HMS achieves
an excellent ultra-wideband asymmetric transmission-emission function covering the SW-NIR
band. The directional transmission at -θs may be used in the design of thermal camouflage and
infrared stealth devices. Directed emission at +θs is instructive for radiative cooling. The HMS
achieves the function of ultra-wideband asymmetric directional transmission-emission, which is
instructive for the design of infrared stealth devices and other radiation-related devices.

Fig. 6. The regulation of the ultra-wideband asymmetric directional control device on EM
waves, (a) transmission curves, the area within the white dashed line represents the part
where Tr> 0.8; (b) The absorption curves, with the white dashed line containing the area
where A> 0.9; (c)The reflection spectra, indicating that+θs and -θs have almost the same
reflection properties; (d) The emission spectrum line indicates that e> 0.9 within the white
dashed line.

4. Results and analysis

4.1. Performance analysis with different metals

In this paper, Ag is selected as the absorbing material, achieving the desired effect. To illustrate
the role of metals in the HMS, this section explores the influences of metal types on the absorption
effect of the HMS. Metals chromium (Cr), copper (Cu), cesium (Cs), molybdenum (Mo), and
tungsten (W), are selected for discussion. Dielectric constants of these metals at 300 THz are
given in Table 1 [44–47], then the situations of f= 350 THz, f= 270 THz and f= 390 THz are
shown in Tables 2, 3 and 4. Where ε’m denotes the real part of the dielectric constant, meanwhile,
ε"m indicates the imaginary part. In Figs. 7(a), (b), (c) and (d), the absorption properties of
different metals at 270 THz, 300 THz, 350 THz and 390 THz are plotted. In optical research,
it is generally believed that the real part of the dielectric constant of metals is negative, and
its absolute value increases with the redshift of spectral lines [45]. However, as the absolute
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value of the dielectric constant increases, the skin depth of light in the metal decreases, limiting
the absorption of EM waves. Thus, metal materials should have smaller real parts and larger
imaginary ones. When the metal has a small real part, the selectivity is high, and when the metal
has a large imaginary part, the absorption performance is excellent. From this, suitable metals
can be selected according to device requirements to achieve the desired purpose. In the given of
the HMS here, as shown in Fig. 6(b), the introduction of Ag yields positive results.

Fig. 7. Effect of different metal types on absorption performance at (a) f= 270 THz, (b)
f= 300 THz, (c) f= 350 THz and (d) f= 390 THz.

Table 1. Values of real and imaginary parts of of several metals at
f=300 THz

Refs. Metal category ε′m ε′′m

[44] Cr -0.911 24.562

[47] Cu -42.704 4.266

[45] Cs -5.225 1.461

[46] Mo -194.008 107.037

[46] W -136.58 53.901

Table 2. Values of real and imaginary parts of of several metals at
f=350 THz

Refs. Metal category ε′m ε′′m

[44] Chromium (Cr) -1.687 22.751

[47] Copper (Cu) -29.886 3.065

[45] Cesium (Cs) -3.538 1.132

[46] Molybdenum (Mo) -148.56 52.801

[46] Tungsten (W) -98.424 27.577
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Table 3. Values of real and imaginary parts of of several metals at
f=270 THz

Refs. Metal category ε′m ε′′m

[44] Chromium (Cr) 0.087719 25.770

[47] Copper (Cu) -54.562 5.6353

[45] Cesium (Cs) -6.5311 1.6355

[46] Molybdenum (Mo) -187.08 159.28

[46] Tungsten (W) -145.19 80.426

Table 4. Values of real and imaginary parts of of several metals at
f=390 THz

Refs. Metal category ε′m ε′′m

[44] Chromium (Cr) -2.1454 21.300

[47] Copper (Cu) -22.650 2.3246

[45] Cesium (Cs) -2.7006 0.93620

[46] Molybdenum (Mo) -118.50 32.249

[46] Tungsten (W) -75.039 18.312

4.2. Performance analysis with φ

In the design of HMS, the φ of the HMM plate is an important parameter. φ indicates the tilt
angle, which affects the behavior of EM waves in the HMM plate. The effect of different φs on
the performance of HMS is plotted in Fig. 8, where the white dashed line on the left side indicates
the transmission behavior for incidence at -θs and the right side indicates the absorption nature at
+θs. The purple dashed lines delineate the contours of the absorption and transmission values.
In Fig. 8 (a), when φ=10°, it exhibits some transmission in 270-330 THz and some absorption
properties in 320-390 THz. When φ is increased, as shown in Fig. 8 (b), the bandwidth of
transmission and absorption is extended at φ=20° and has some selectivity in -80°–50°, 60°-80°.
In this paper, φ=30° is selected as the final value, and it can be seen from Fig. 8 (c) that the
asymmetric directional control effect is good at 270-390 THz. The purple dashed lines indicate
the positions of A= 0.8 and Tr= 0.8. As the angle continues to increase, the case of φ=40° is
exhibited in Fig. 8 (d), and the transmission effect decreases sharply.

In the past few years, researchers have conducted extensive studies in the areas of AS, directional
thermal radiation in radiative cooling and infrared stealth, and asymmetric control. However,
realizing asymmetric directional control with a certain bandwidth has been a research gap. To
realize the broadband effect, the effect of frequency on the material properties has to be broken.
1D PhC and HMM plate in the proposed metastructure both utilize the structural properties to
realize the effect, which is beneficial for the expansion of the bandwidth. In this paper, 1D PhC
and HMM plate splicing is utilized to achieve ultra-wideband asymmetric directional control.
TMM is utilized for calculation, which has the advantage of simplicity and high efficiency, and
experimental validation is not the core concern of this paper. The ultra-wideband asymmetric
directional control is achieved by HMS in the range of 270-390 THz, and Tr> 0.8, e> 0.9.
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Fig. 8. Discussion of φ parameter of transmission-absorption spectral in HMM plate; (a)
φ=10°; (b) φ=20°; (c) φ=30°; (d) φ=40°.

5. Conclusion

In summary, a HMS, which realizes ultra-wideband asymmetric directional transmission-emission,
is proposed. Directional emission is realized in +θs and directional transmission is realized
in -θs. The proposed HMS exerts its effect in 270-390 THz, covering the SW-NIR, realizing
ultra-wideband characteristic. The simultaneous realization of asymmetric, ultra-wideband, and
directional control in the infrared band is accomplished in the HMS. A novel approach is provided
for thermal radiation-related problems. Meanwhile, the asymmetric control accomplished
by HMM plate in the design can be matched to the appropriate material according to the
operating band. The direction selection of EM waves is closely related to stealth and camouflage
performance. It has potential value in the fields of thermal camouflage, thermal illusion, and
thermal stealth.
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