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Abstract: The tunable angle-selective transparency of hyperbolic metamaterials consisting of
various multilayers of Dirac semimetal and dielectric materials are theoretically and numerically
studied in the terahertz range. Three stack configurations are considered: alternating, sandwiched,
and disordered. It is found that the proposed structures exhibit strong optical angular selectivity
induced by photonic topological transition for transverse magnetic waves. Interestingly, the
topological transition frequency can be flexibly modulated by changing the Fermi energy,
temperature, and the releasing time of the Dirac semimetal, as well as the thickness ratio of the
dielectric and semimetal layers. It is also noticed that the angular optical transparency properties
are independent of the order of the proposed structure even in alternating/disordered/random
configurations if the total thickness ratio of the semimetal to dielectric are the same, which makes
the properties particularly easy to realize experimentally. The proposed hyperbolic metamaterial
structures present a promising opportunity for wavefront engineering, offering crucial properties
for applications in private screens, optical detectors, and light manipulation.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Metamaterials, artificial media created by subwavelength structuring, have attracted great
attention owing to their potential to manipulate electromagnetic waves. Over the past decades,
metamaterials have been used to produce striking phenomena such as zero or negative refractive
index, perfect absorption, or cloaking [1,2]. In recent years, among the many families of such
structures, the family of hyperbolic metamaterials (HMMs) has attained substantial research
interest [3–7]. In HMMs the electrical permittivity or magnetic permeability tensor component
in one direction is opposite in sign to the other two principal components, thus presenting highly
anisotropic characteristic that manifest in hyperbolic dispersion curves. Critically, to achieve these
hyperbolic structures one only needs to constrain the motion of free electrons in one direction,
making the fabrication of HMMs much simpler than that of isotropic metamaterials. Traditionally,
HMMs in optical wavelengths have been produced by stacking multilayer metal/dielectric
structures or embedding metal nanowires in a dielectric matrix [8,9]. However, for metals,
inherent Joule losses are hard to overcome and modulating their permittivity challenging. These
two factors greatly limit the preparation and application of metal-based HMMs. Graphene
has been proposed as an alternative to metals. Graphene is a two-dimensional planar material
composed of monolayer of carbon atoms with a singular electronic structure and unmatched
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photoelectric properties. The greatest advantage of graphene, as compared to metals, is that
its conductivity can be easily modulated by applying gate voltage, an electromagnetic field, or
chemical doping [10]. Several HMMs based on graphene have been designed to obtain tunable
optical properties [11–13]. Recently, a new kind of 3D materials, Dirac semimetals (DSs), have
been reported. DSs have higher mobility than graphene, and their permittivity functions can also
be dynamically modulated by changing their Fermi energy [14–16]. Furthermore, DSs are more
stable and easier to fabricate than graphene, consequently, many tunable optical systems based
on DSs, such as filters and absorbers, have been designed [17,18].

Recently, photonic topological transition (PTT) in metamaterials have attracted considerable
research interest. PTT refers to the transition of the topology of the material’s equifrequency
surface from a closed to an open geometry. This transition provides an efficient method for
the manipulation of the light-matter interactions at the nanoscale [19–23]. In particular, for
anisotropic materials the topology transforms with the changing of the sign of one of the
permittivity components. Thus, by modulating the topology of the equifrequency surface of the
HMMs from a closed ellipsoid to an open hyperboloid, a narrow angular optical transparency
window can be achieved around the PTT frequency [24]. Importantly, near the transition point of
the equifrequency surface of the HMMs, the diffraction and scattering of the incident wave can
be dramatically suppressed. This strong angle-selectivity makes the HMMs hold promise for
many angle-dependent optical applications such as angular transparency. Not surprisingly, due to
its practical applications in privacy screens and detectors, angular transparency has drawn many
researchers’ attention in recent years. Indeed, various methods and structures have been proposed
to realize this goal, including photonic crystals, metallic gratings, and epsilon-near-zero media
[25–30]. Su et al. realized a narrow angular optical transparency window using HMMs based on
black phosphorus by PTT [31]. Using a HMM platform consisting of aligned metallic nanowires
embedded in dielectric host matrices, Jiang et al. achieved tunable optical angular selectivity [32].
In a similar approach, Huo et.al. designed HMMs by filling silver nanowires in highly ordered
porous anodic aluminum oxide templates and realized angular optical transparency based on PTT
[33]. More recently, exploiting the naturally occurring anisotropy of hexagonal boron nitride,
Wu reported a narrow angular optical transparency window near the four PTTs wavelengths [34].

In this work, we propose a HMMs based on DSs that enable tunable angular optical transparency
induced by a photonic topological transition (PTT). The tunable angular optical transparencies
occur at terahertz frequencies and are realized on a HMM structure composed of alternating
dielectric and DSs. Transfer matrix method (TMM) [35] combined with effective medium theory
(EMT) [36] and COMSOL simulations, are used to study their properties. Our calculations
demonstrate transparency of almost 98% for transverse magnetic (TM) mode close to normal
incidence with angular full width at half maximum of about 3°. Under the condition of keeping the
total thickness ratio of the DS and dielectric material unchanged, the sequence of the multilayered
structures can be alternating, sandwiched and disordered. Moreover, the proposed structures
show wavevector selective effect [37], crucial in wavefront modulation applications. Interestingly,
in contrast to previous designs, such as epsilon-near-zero media and hexagonal boron nitride
[25,34], our proposed architecture offers a much narrower angle transparency window with
a higher optical transparency. Additionally, the angular optical transparency can be actively
adjusted by changing the Fermi energy of the DS, the temperature, and the releasing time of
the DS in the Terahertz region. Furthermore, from an experimental point of view, the proposed
scheme is fully compatible with conventional nanofabrication techniques such as molecular
beam epitaxy [38] and chemical vapor deposition [39], making the DS-based HMM designs
particularly suitable for experimental realization.
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2. Structures and methodology

In this work we studied three multilayered structures composed of alternative layers of DS and
dielectric material in three different configurations (I) alternating, (II) sandwiched, and (III)
disordered. The three configurations are shown in Fig. 1, where A and B represent the DS and
dielectric materials respectively. It should be noted that all three configurations maintain the same
DS to dielectric thickness ratio. For the alternating arrangement, Fig. 1(a), the stack is composed
of alternating A and B layers. For the sandwiched structure, shown in Fig. 1(b), the structure
follows an “ACA” configuration, where the layer C is also a sandwiched structure: C=BAB.
Finally, for the disordered arrangement, Fig. 1(c), where A and B layers are randomly arranged
and the relative thickness deviations of the layer A and B are about 105% and 100%, respectively.

Fig. 1. Schematic of the proposed structures. (a) alternating structure(I) composed of
alternating A and B layers. (b) Multilayered structure(II) with the “ACA” (C=BAB) sandwich
structure as cells.(c) Disordered multilayered structure(III) randomly arranged by A and B
layers.

We choose SiO2 as the dielectric material A, with permittivity 2.25. On the other hand, DS is
an optically isotropic material because of its 3D nature, whose permittivity can be deduced using
the two-band model and taking into account the interband electronic transitions. In this manner,
the permittivity of the DS is give by

ε = ε∞ + iσ/ωε0 (1)

where ε0 is the permittivity in vacuum and σ is the conductivity of the DS. ε∞ is the effective
background dielectric constant (for Na3Bi or Cd3As2, ε∞ = 13 [14–16]).

At the long-wavelength limit, the complex conductivity of the DS can be deduced using the
Kubo formalism in the random phase approximation. Its real and imaginary part can be expressed
as [14]
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where, ℏ is the reduced Planck constant, e is the charge of an electron, T is the temperature,
and g is the degeneracy factor. The Fermi momentum is given by kF = Ef

/︁
ℏvF, with f the

frequency, and Ef and vF the Fermi energy and velocity respectively. Ω = ℏ(2πf + iτ−1)/Ef
denotes the normalized frequency. G(E) = n(−E) − n(E), with n(E) being the Fermi distribution
function, and εc = Ec

/︁
Ef (Ec is the cutoff energy beyond which the Dirac spectrum is no longer

linear). Here, we set g= 4 (for Na3Bi or Cd3As2) [14], εc = 3, and vF = 106m/s. The electrical
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permittivity can thus be obtained from formulas (1), (2) and (3), where is obvious that it can be
tuned by adjusting the Fermi level, the temperature, and the releasing time.

For the composite structure, under the subwavelength limit, the DS-dielectric composite can
be modeled as a homogeneous metamaterial. The effective medium theory (EMT) is valid to
study the wave propagation in this periodic structure [36]. Therefore, in the following analysis,
we use EMT and TMM to calculate the transmission properties of the multilayer structures. To
further confirm the numerical results from TMM, we also compare with COMSOL simulations.

3. Results and discussion

3.1. Equifrequency surface and PTT in the proposed HMM structure (I)

The TM wave is incident on the structures from air at an incident angle θ with respect to the x
axis, and is fully contained in the zx-plane. For the periodic structure I, the thicknesses of layers
A and B are 1.8 µm and 0.2 µm respectively. The length of the structure in the x-direction is
h. The effective relative permittivity tensor [ε] is a diagonal matrix in Cartesian coordinates,
without considering optical nonlocality under small incident angles [40]. When the incident
wave propagates along the x-axis, the effective relative permittivity tensor can be expressed as:

ε =

⎛⎜⎜⎜⎜⎝
ε// 0 0

0 ε// 0

0 0 ε⊥

⎞⎟⎟⎟⎟⎠
(4)

where, ε// and ε⊥ denote the tangential and radial permittivity, respectively, which are approxi-
mated as follows [36]:

ε// =
εAdA + εBdB

dA + dB
, ε⊥ =

εAεB(dA + dB)

εAdB + εBdA
(5)

Hence, the dispersion equation of TM waves propagating inside our proposed HMM is given
by:

k2
x + k2

y

ε⊥
+

k2
z

ε//
= k2

0 (6)

where k0 is the wave vector of the incident wave in the vacuum and kx, ky, and kz are the
components of the wave vector along the x-, y-, and z-directions respectively.

Formula (5) shows that the effective relative permittivity of the HMM is bound up with
the permittivity of the DS and the thickness ratio of A to B once the dielectric B is selected.
Figure 2(a) and (b) display the relationship between the real parts of the permittivity components
ε// and ε⊥(Re − ε// and Re − ε⊥) and the thickness ratio of A to B. In Fig. 2(a), we can see that
for a constant value of Re − ε//, dotted lines overlaid, the frequency decreases with the increase
of the thickness ratio of A to B, whereas for constant Re − ε⊥, above thickness ratios A to B of
3, the frequency remains almost unchanged, see Fig. 2(b). The imaginary parts of ε// and ε⊥
(Im − ε// and Im − ε⊥), can be seen in Fig. 2(c) and (d). Overall the imaginary values are small,
with Im − ε// decreasing with the increase of the thickness ratio of A to B, which shows the loss
and absorption will be very small when the incident wave transmits through the HMM if the
thickness ratios of A to B are set properly.

Figure 3(a) gives the permittivity of the HMM when the thickness ratio of A to B is 9:1. For
this case it can be seen that Re − ε// of the HMM increases with frequency, while Re − ε⊥ of the
HMM is almost unchanged with frequency, and it is about 2.53. Re− ε// of the HMM is negative
at low frequencies and when the frequency reaches 4.5019THz, it becomes zero. Once the
frequency is above 4.5019 THz, Re − ε// of the HMM becomes positive. That is to say, Re − ε//
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Fig. 2. The permittivity of the HMM as a function of frequency and thickness ratio of A to
B. (a) Re − ε//. (b) Re − ε⊥. (c) Im − ε//. (d) Im − ε⊥. The dotted lines overlaid in (a) and
(b) are constant real part lines.

of the HMM changes from negative value to positive value as the frequency increases. This
means the dispersion of the HMM will change, and the topology of the equifrequency surface
will transition from an open hyperbola to a closed ellipse as the frequency of the incident wave
increases. This topological transition is indicative of the transition point of PTT. Specifically,
the PTT occurs when Re − ε// = 0, and the equifrequency surface degenerates, for lossless
case, to two points in the x-direction. At this frequency, the HMM acts as a spatial frequency
filter and only the TM waves with pure wavevector along x-axis are allowed to propagate thus
producing an angular transparency window that only transmits light propagating along the x-axis.
From Fig. 3(a), we can get a PTT frequency of 4.5019 THz. Combining with Fig. 2, adapting
appropriate thickness ratio of the components of the HMM, we can get different PTT frequencies
with high transmission.

When we set the thickness ratio of A to B to be 9:1, at the frequencies of 3.9609 THz,
4.4376 THz, 4.5019 THz, 4.5691 THz and 5.3494 THz, Re − ε// of the HMM takes the values
Re − ε// = −1, Re − ε// = −0.1, Re − ε// = 0, Re − ε// = 0.1, and Re − ε// = 1, respectively,
while Re − ε⊥ remains almost unchanged. Obtained from formula (5), we present the calculated
kx/k0 of the HMM’s equifrequency surface at the above five frequencies in Fig. 3(b) and (c). In
Fig. 3(b) we present the real part of kx/k0 of the HMM’s equifrequency surface. It can be clearly
seen that while the equifrequency surface is an open hyperbola at the frequencies of 3.9609 THz
and 4.4376 THz, it transitions to a closed ellipse at the frequencies of 4.5691 THz and 5.3494
THz. However, at frequency 4.5019 THz, the ellipse doesn’t degenerate to two points at in the
z-direction. Instead, at this frequency, the topology of the equifrequency surface keeps a very
narrow hyperbola instead of the ideal degenerated point on the z-axis because of the imaginary
part of ε// is not zero. Hence, compared to the ideal lossless medium, the lossy HMM allows TM
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Fig. 3. (a) Permittivity of the HMM as a function of frequency with the thickness ratio of A
to B being 9:1. (b) The real part of kx/k0 as a function of kz/k0 when the frequencies of the
incident wave are 3.9609THz(Re-ε//=-1), 4.4376THz(Re-ε//=-0.1), 4.5019THz(Re-ε//=0),
4.5691THz(Re-ε//=0.1) and 5.3494THz(Re-ε//=1), respectively. (c) The imaginary part of
kx/k0 as a function of kz/k0 when the frequency of the incident wave is 4.5019THz(Re-ε//=0).
Here, we set other parameters as dA:dB= 9:1, T= 5 K, τ=2ps, and Ef = 0.08 eV.

waves with small kz wavevectors to propagate. Furthermore, at the frequency of 4.5019 THz, the
imaginary part of kx/k0 of the HMM’s equifrequency surface exhibits a conical dispersion form
with a Dirac-like point at the origin, as shown in Fig. 3(c). This means that for the TM waves
with pure wavevectors along z-axis, the imaginary part of kx is very close to zero, which indicates
that the absorption losses have no influence on the incident wave at normal incidence. While the
imaginary part of kx increases rapidly with the incident angles. So the oblique incident wave
will suffer from the intrinsic loss and the energy will be dissipated as the propagation distance
increases. The existence of intrinsic loss makes it possible to suppress TM waves with large kx,
which is helpful in forming an ultra-narrow angular optical transparency window.

3.2. Tunable PTT and angular transparency in the proposed HMM structure (I)

From formulas (1), (2) and (3), we can see the Fermi energy of the DS, temperature, and the
releasing time have an important effect on the permittivity of the DS, and thus can be used
to modulate the PTT frequency. Figure 4(a) shows the relationship between Re − ε// of the
HMM and the Fermi energy of the DS. Here, the thickness ratio of A to B is kept at 9:1. It is
obvious that with the increase of the Fermi energy of the DS, the PTT frequency becomes larger.
Hence, we can modulate the PTT frequency dynamically by adjusting the Fermi energy of the
DS. Figure 4(b) shows Re − ε// of the HMM at different temperatures. It can be seen that the
PTT frequency increases dramatically with temperature. Therefore, the PTT frequency can be
adjusted flexibly by changing the temperature. Similarly, we analyze the effect of τ on the PTT
frequency, as shown in Fig. 4(c). The PTT frequency has an obvious increasing when the τ is
very small, while when τ is over 1ps, the increasing trend of the PTT frequency becomes gentle.

To gain further insight on the properties of the proposed HMM structure, we simulate their
optical transmission. For the proposed HMM surrounded by the air, we provide the transmission
as function of the incident angle and the thickness h along the x-axis of the HMM, as shown in
Fig. 5(a). We can see that the transmission achieves maximum at thicknesses 20.95 µm, 41.94
µm, 62.87 µm and 83.77 µm at normal incidence, because these thicknesses satisfy the condition
of transmission maximum [34], i.e., h = mc/(2f√ε⊥) (where m is a non-zero positive integer and
f is the frequency). Figure 5(b) gives the transmission curves where m is set to be 1, 4, and 16 at
the PTT frequency of 4.5019 THz. We can see a narrow angular transparency window emerges.
It is obvious that the thicker the HMM, the narrower the angular transparency window. This
is because the intrinsic loss will increase with the increasing of the HMM’s thickness, which
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Fig. 4. (a) Re − ε// of the HMM as a function of frequency and Fermi energy, when
dA:dB= 9:1, T= 5 K, and τ=2ps. (b) Re − ε// of the HMM as a function of frequency and
temperature, when dA:dB= 9:1, Ef = 0.08 eV, and τ=2ps. (c) Re − ε// of the HMM as a
function of frequency and τ, when dA:dB= 9:1, T= 5 K, and Ef = 0.08 eV.

will suppress the waves propagating away from x-direction. Figure 5(c) shows the transmission
as a function of frequency and the incident angle when m= 16, and we can see at the optical
transparency window appears at the frequency of 4.5019 THz, and the transparency window has
an angular full width at half maximum of about 3° (−1.6°< θ < 1.6°) with an optical transmission
higher than 97.7% at normal incident. To ensure our numerical result, we simulate this result
using COMSOL software combined with EMT. The comparison is shown in Fig. 5(d) where we
can see the results are consistent.

At the same time, the electric field distributions along the x-axis in the air-HMM-air structure at
the PTT frequency are provided to get a more intuitive understanding of the angular transparency
features. Figure 5(e) and (f) show the electric field distributions at different incident angles of
0°, 1.6°, 3° and 5° calculated by TMM and EMT, as well as COMSOL and EMT, respectively.
In the simulation using COMSOL, the light source is transverse magnetic plane wave, and
Port Boundary Conditions are used. Floquet boundary conditions are adopted for the sides
perpendicular to the propagation direction, and the meshing size is predefined “finer”. It is
obvious from this that both methods provide coincident results. At normal incidence, the incident
wave travels smoothly in the HMM structure, almost lossless. However, the electric field in the
HMM structure attenuates gradually as the incident angle increases, which means that the losses
increase gradually. For instance, a wave incident at 1.6° will lose just about 50% of its amplitude
as compared to the normal incidence case. As the incident angle further increases to 5°, most of
the light is absorbed in the stack due to intrinsic losses and transmission approaches zero.

Next, the effect of the Fermi energy of the DS, temperature T, and the releasing time τ on the
angle transparency are discussed. According to Fig. 3, with the increase of the Ef , temperature,
and τ, the PPT frequency increases nearly linearly, rapidly, and gently, respectively. Figure 6(a)
provides the transmission as a function of the incident angle and Ef , here τ=2 ps and T= 5 K.
When Ef is set to 0.06 eV, 0.07 eV, 0.08 eV, and 0.09 eV, the PTT frequency changes to 3.3761
THz, 3.939 THz, 4.5019 THz and 5.0647 THz, respectively. That is, with 0.01 eV increase
of Ef , the PPT frequency will increase about 0.55 THz. Meanwhile, the angle transparency
property keeps almost unchanged at these different PTT frequencies. Figure 6(b) shows the
transmission as a function of the incident angle and temperature, here Ef = 0.08 eV and τ=2 ps.
When the temperature changes from 5 K to 100 K, 200 K, and 300 K, the PTT frequency changes
from 4.5019 THz to 4.5855THz, 4.8291THz and 5.2136THz, respectively. We can also see
the transparency widow becoming a little narrower with the increase of temperature, although
keeping the maximum of transmission almost unchanged. Figure 6(c) presents the transmission
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Fig. 5. (a) Transmission as function of thickness of the HMM along the x-axis and the
incident angle at PPT frequency of 4.5019THz. (b) Transmission curves where m= 1, 4 and
16 at the PTT frequency of 4.5019THz. (c) Transmission as a function of frequency and the
incident angle when m= 16. (d) TMM&EMT-calculated and COMSOL&EMT-simulated
transmission as a function of incident angle at the PTT frequency of 4.5019THz, where
m= 16. (e) Electric field distributions along the x-axis calculated using TMM&EMT. (f)
Electric field distributions along the x-axis simulated by COMSOL&EMT. Here, we set
other parameters as dA:dB= 9:1, T= 5 K, τ=2ps, and Ef = 0.08 eV.
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as a function of the incident angle and τ, here Ef = 0.08 eV and T= 5 K. When τ increases
from 0.45 ps to 1 ps, 2 ps, and 3 ps, the PTT frequency increases gently from 4.4887 THz to
4.4998 THz, 4.5019 THz, and 4.5023 THz, respectively. Additionally, the angular window of
transparency becomes narrower with the increase of τ, also keeping the maximum of transmission
almost unchanged. In consequence, a tunable angle transparency can be obtained by adjusting
the Fermi energy level, changing the temperature, and the releasing time of the DSs.

Fig. 6. (a) Transmission as a function of the incident angle at different Fermi energy,
where T= 5 K and τ=2ps. (b) Transmission as a function of the incident angle at different
temperature, where Ef = 0.08 eV and τ=2ps. (c) Transmission as a function of the incident
angle at different τ, where Ef = 0.08 eV and T= 5 K.

3.3. Angular transparency in the proposed HMM structures (II and III)

Using COMSOL software, we also simulate the angular transparency properties in three
configurations of the multilayered structure: (I) alternating, (II) sandwiched, and (III) disordered,
as shown in Fig. 1. In the simulations, the sources and the boundary conditions are adopted the
same with those set in Fig. 5(f). We find in this case that meshing size defined as “normal” offers
a good balance between computational requirements and precision.

The transmission curves obtained from a TMM/EMT combination and COMSOL/EMT
combination, as described before, are now compared to pure COMSOL simulations, see Fig. 7(a).
The electric distributions in the air-structure (I)-air, air -structure (II)-air and air-structure (III)-air
are also provided in Fig. 7(b), (c) and (d), respectively. From the comparison with the results
calculated by TMM/EMT, it is seen that the results are very consistent. The properties of the angle
transparency are almost unchanged, and all the transmissions at normal incidence remain above
97.7% (see the magnified detail in the inset of Fig. 7(a)). That is, the transmission characteristics
are almost independent of the sequence of the layers. This indicates that under the condition of
constant total thickness ratio of DS to dielectric material, the sequence of the multilayer structures
can also have different periodicities or even total disordered without the loss of performance.

3.4. Wavefront modulation of the HMM via angular transparency

From Fig. 5(d), it is known that the proposed HMM structures present an ultra-narrow angular
transparency performance close to normal incidence, where the equifrequency surface degenerates
to two points at the lossless condition and the direction of wave propagation will be perpendicular
to the equifrequency surface. Therefore, at the PTT frequency, the structure acts as a wavevector-
selector metamaterial [37], that allows only plane waves with k-vectors parallel (or nearly parallel)
to its normal, while absorbing or back-reflecting all other waves. Here, for the proposed HMM
structures, we further explore the potential in application for wavefront engineering for the case
of cylindrical-to-plane-wave conversion. In the simulation, we design an optical system in which
a plane TM wave at normal incidence in air is projected on a copper plate with a narrow slit.
The frequency of the incident wave is 4.5019 THz (wavelength is about 66.64 µm), and the
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Fig. 7. (a) Transmission as a function of the incident angle from a TMM/EMT combination,
COMSOL/EMT combination and pure COMSOL simulation in the proposed structures
(inset: the magnified detail figure). (b), (c) and (d) are electric field distributions along
x-axis in alternating structure, sandwiched structure and disordered structure, respectively.
Here we set other parameters as T= 5 K, Ef = 0.08 eV, and τ=2ps.

thickness of the plate and the width of the slit are 20 µm and 60 µm, respectively. The electric
field distributions along the x-axis are simulated using COMSOL software. In the simulation,
perfectly matched layers are assigned at all the surrounding boundaries, and the meshing size is
predefined “finer”.

A line-divergent wave scattered in wide directions can be produced by launching a plane wave
from air to a copper plate with a narrow subwavelength slit, Fig. 8(a). However, immediately
after the slit we place the proposed HMM structure, the scattered wave transmits smoothly and
the propagated wavefronts appear parallel to the plane of the HMM, Fig. 8(b). It is important to
notice that the obtained parallel light mechanism is different from that of a conventional lens. In
addition, by changing the slit width, we find that this effect does not depend on the curvature of
the incident wavefronts. In other words, our proposed HMM structure provides a new degree of
freedom for light manipulation. Indeed, as the HMM is transparent only within a narrow range
of light propagation directions at PTT frequency, arbitrary-shaped wavefronts will become planar
as they transmit through the HMM plane without any additional spatial phase modulation. The
schematic of this wavefront conversion process is shown in the inset of Fig. 8(c). For a beam
of cylindrical-like wave excited by a copper slit located at about 200 µm from the HMM, with
thicknesses of the slit and the HMM plane being 20 µm and 80 µm respectively, the simulated
electric field distribution are shown in Fig. 8(c), offering further evidence that, as expected, the
cylindrical-like wave can be converted into a plane wave by the HMM.
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Fig. 8. The electric field distributions after the plane TM waves incident vertically to a slit
in a copper plate, where dA:dB= 9:1, T= 5 K, Ef = 0.08 eV, and τ=2ps. (a)The TM waves
transmit in air. (b)The TM waves pass through the proposed HMM structure. The width of
the slit is 60µm, and thickness of the copper plane is 20µm. (c) Electric feld distribution of
the wavefront conversion (The inset is the schematic of the wavefront conversion process).

4. Conclusions

In this work, we proposed HMM structures consisting of multilayered DS and dielectric material.
The numerical results show that the designed structures exhibit strong optical angular selectivity
for TM waves. Based on PTT, at terahertz frequencies, a tunable ultra-narrow (−1.6°<θ < 1.6°)
angular optical transparency window can be obtained. Importantly, this band offers ultra-high
transparency (over 97.7%) for near-incidence illumination. Furthermore, the PTT frequency
can be dynamically modulated by adjusting the Fermi energy of the DS, the temperature, or the
releasing time of the DS, as well as by changing the thickness ratio of DS to dielectric material.
Interestingly, this optical angular selectivity can be maintained in different periodicities and even
completely disordered structures, provided that the total material thickness ratio is maintained,
making the stack structure particularly suitable for experimental realization. Critically, the
proposed HMM structure presents a marked wavevector-selective effect, that can be used in
wavefront modulation, presenting an exciting opportunity for applications such as private screens,
optical detectors, and wavefront engineering.
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