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Hybrid one-dimensional photonic crystals containing anisotropic metamaterials:
Angle-driven photonic band gaps and angle-driven Tamm plasmon polaritons

Feng Wu ,* Yuchun She, Tingting Zhou, Zhaoming Cheng, and Jianhao Huang
School of Optoelectronic Engineering, Guangdong Polytechnic Normal University, Guangzhou 510665, China

(Received 8 May 2024; accepted 22 July 2024; published 2 August 2024)

Herein, we realize a special class of photonic band gaps (PBGs) called angle-driven PBGs in hybrid one-
dimensional (1D) photonic crystals (PhCs) composed of alternating anisotropic metamaterial and dielectric
layers. At normal incidence, the effective refractive index of the anisotropic metamaterial is designed to be the
same as that of the dielectric. Owing to the lack of refractive index contrast, the angle-driven PBG is closed at
normal incidence. Under transverse magnetic (TM) polarization, the effective refractive index of the anisotropic
metamaterial is angle-dependent since the isofrequency curve (IFC) is an ellipse or a hyperbola. Therefore, the
angle-driven PBG under TM polarization is opened at oblique incidence. However, under transverse electric
(TE) polarization, the effective refractive index of the anisotropic metamaterial is angle-independent since the
IFC is a circle. Therefore, the angle-driven PBG under TE polarization remains closed. In hybrid 1D PhCs
composed of alternating elliptical metamaterial and dielectric layers, we realize blueshift angle-driven PBGs
under TM polarization. As the incident angle increases, the angle-driven PBG shifts towards shorter wavelengths.
Empowered by the blueshift angle-driven PBG, broadband polarization selection and privacy protection can be
achieved. In hybrid 1D PhCs composed of alternating hyperbolic metamaterial and dielectric layers, we realize
zero-shift angle-driven PBGs under TM polarization. As the incident angle increases, the angle-driven PBG
stays almost unchanged. Empowered by the zero-shift angle-driven PBG, wide-angle polarization selection can
be achieved. In addition, blueshift and zero-shift angle-driven Tamm plasmon polaritons (TPPs) are realized by
placing a metal layer in front of the hybrid 1D PhCs. Our work not only offers an elegant platform to realize
angle-driven PBGs and angle-driven TPPs, but also facilitates the development of high-performance polarizers.
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I. INTRODUCTION

As a category of nanostructures, photonic crystals (PhCs)
with periodic refractive index distributions offer us a powerful
route to manipulating light [1–3]. Empowered by periodic
modulations of refractive index, PhCs can create wavelength
ranges called photonic bandgaps (PBGs) in which light is
not allowed to propagate [1–3]. Over the past three decades,
PBGs in PhCs have been extensively explored in both optical
physics [4–14] and devices [15–26]. In optical physics, PBGs
in PhCs greatly promote the development of Tamm plasmon
polaritons (TPPs) [4–6], Bloch surface modes [7,8], spon-
taneous emission suppression [9–11], Goos-Hänchen shifts
[12], and bound states in the continuum [13,14]. In optical
devices, PBGs in PhCs have been utilized to design high-
performance reflectors [15], lasers [16,17], fibers [18,19],
absorbers [20,21], sensors [22,23], and polarizers [24–26].
According to the Bragg scattering mechanism, PBGs are
usually opened at any incident angle [15,27–31]. Such phe-
nomena have been widely observed in one-dimensional (1D)
[15,27], two-dimensional (2D) [28,29], and three-dimensional
(3D) PhCs [30,31].

Over the past two decades, anisotropic metamaterials have
attracted rich attention due to their unique ability to control
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light [32–36]. As two main classes of anisotropic meta-
materials, elliptical metamaterials [37–42] and hyperbolic
metamaterials [27,43–47] have been widely explored. For el-
liptical metamaterials, all components of effective permittivity
and permeability tensors are positive. Hence, isofrequency
curves (IFCs) of elliptical metamaterials are ellipses [38,41].
For hyperbolic metamaterials, some components of effective
permittivity (or permeability) tensors are positive while the
other components are negative. Hence, IFCs of hyperbolic
metamaterials are hyperbola [43,44]. In 2011, Hamam et al.
theoretically discovered a special class of PBGs called angle-
driven PBGs in hybrid 1D PhCs composed of alternating
elliptical metamaterial and dielectric layers [48]. In Ref. [48],
the elliptical metamaterial is mimicked by a 2D dielectric
nanowire array. Distinct from conventional PBGs that are
usually opened at any incident angle, angle-driven PBGs
are closed at normal incidence while are opened at oblique
incidence [48]. In 2014, Shen et al. theoretically and exper-
imentally observed angle-driven PBGs in hybrid 1D PhCs
composed of alternating elliptical metamaterial and dielectric
layers [49,50]. In Refs. [49] and [50], the elliptical metamate-
rial is mimicked by an all-dielectric subwavelength multilayer.
Interestingly, researchers found that broadband angular se-
lection can be achieved by cascading dozens of hybrid 1D
PhCs with different periodicities [49–56]. In Refs. [48–56],
the angle-driven PBGs in hybrid 1D PhCs composed of al-
ternating elliptical metamaterial and dielectric layers strongly
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shift towards shorter wavelengths (i.e., blueshift) as the inci-
dent angle increases. The underlying reason is that both the
propagating phases in elliptical metamaterial and dielectric
layers at a fixed wavelength decrease as the incident angle
increases. Consequently, the wavelength satisfying the Bragg
condition (i.e., the Bragg wavelength) decreases, giving rise to
blueshift angle-driven PBGs. Besides elliptical metamaterials,
hyperbolic metamaterials belong to anisotropic metamateri-
als [43,44]. Different from elliptical metamaterial layer, the
propagating phase in hyperbolic metamaterial layer at a fixed
wavelength increases as the incident angle increases. A ques-
tion naturally arises: Could zero-shift angle-driven PBGs be
realized in hybrid 1D PhCs composed of alternating hyper-
bolic metamaterial and dielectric layers? It is known that
TPPs occur at the interfaces between a metal layer and a
1D PhC [4,57–59]. Another question naturally arises: Could
angle-driven TPPs be realized in heterostructures consisting
of a metal layer and a hybrid 1D PhC composed of alternating
anisotropic metamaterial and dielectric layers?

In this paper, we discuss angle-driven PBGs in two classes
of hybrid 1D PhCs composed of alternating anisotropic
metamaterial and dielectric layers. One is hybrid 1D PhCs
composed of alternating elliptical metamaterial and dielectric
layers. The other is hybrid 1D PhCs composed of alternat-
ing hyperbolic metamaterial and dielectric layers. At normal
incidence, the effective refractive index of the anisotropic
metamaterial is designed to be the same as that of the di-
electric. Owing to the lack of refractive index contrast, the
angle-driven PBG is closed. At oblique incidence, the effec-
tive refractive index of the anisotropic metamaterial under
transverse magnetic (TM) polarization become different from
that of the dielectric layer. Hence, the angle-driven PBG
is opened under TM polarization. Interestingly, at oblique
incidence, the effective refractive index of the anisotropic
metamaterial under transverse electric (TE) polarization is
still the same as that of the dielectric. In other words, the
angle-driven PBG remains closed under TE polarization.

As the incident angle increases, both the propagating
phases in elliptical metamaterial and dielectric layers under
TM polarization at a fixed wavelength decrease. According
to the Bragg condition, the angle-driven PBGs in hybrid
1D PhCs composed of alternating elliptical metamaterial
and dielectric layers strongly shift towards shorter wave-
lengths. Empowered by the blueshift angle-driven PBGs, we
achieve broadband polarization selection and privacy protec-
tion. In addition, we realize blueshift angle-driven TPPs in
heterostructures consisting of a metal layer and a hybrid 1D
PhC composed of alternating elliptical metamaterial and di-
electric layers.

As the incident angle increases, the propagating phase in
hyperbolic metamaterial layer under TM polarization at a
fixed wavelength increases while that in dielectric layer under
TM polarization at a fixed wavelength decreases. When the
phase variation of hyperbolic metamaterial layer with respect
to the incident angle is compensated with that of dielectric
layer with respect to the incident angle, the angle-driven
PBG in hybrid 1D PhCs composed of alternating elliptical
metamaterial and dielectric layers keeps almost unchanged
according to the Bragg condition. Empowered by the zero-
shift angle-driven PBGs, we achieve wide-angle polarization

selection. In addition, we realize zero-shift angle-driven TPPs
in heterostructures consisting of a metal layer and a hybrid
1D PhC composed of alternating hyperbolic metamaterial and
dielectric layers.

The rest of this paper is organized as follows. In Sec. II,
we discuss blueshift angle-driven PBGs in hybrid 1D PhCs
containing elliptical metamaterials and their applications in
broadband polarization selection and privacy protection. In
addition, we discuss blueshift angle-driven TPPs in het-
erostructures consisting of a metal layer and a hybrid 1D PhC
containing elliptical metamaterials. In Sec. III, we discuss
zero-shift angle-driven PBGs in hybrid 1D PhCs containing
hyperbolic metamaterials and their applications in wide-
angle polarization selection. In addition, we discuss zero-shift
angle-driven TPPs in heterostructures consisting of a metal
layer and a hybrid 1D PhC containing hyperbolic metamateri-
als. Finally, the conclusions are given in Sec. IV.

II. HYBRID 1D PHCs CONTAINING ELLIPTICAL
METAMATERIALS: BLUESHIFT ANGLE-DRIVEN

PBGs AND TPPs

This section is organized as follows. In Sec. II A, we
demonstrate the physical mechanism of the blueshift angle-
driven PBGs in hybrid 1D PhCs containing elliptical metama-
terials. In Secs. II B and II C, we show two applications of the
blueshift angle-driven PBGs: broadband polarization selec-
tion and privacy protection. In Sec. II D, we realize blueshift
angle-driven TPPs in heterostructures consisting of a metal
layer and a hybrid 1D PhC containing elliptical metamaterials.

A. Blueshift angle-driven PBGs in hybrid 1D PhCs
containing elliptical metamaterials

Figures 1(a) and 1(b) give the schematics of the conven-
tional PBG and target blueshift angle-driven PBG, respec-
tively. As demonstrated, the conventional PBG under both TM
and TE polarizations is opened at any incident angle. Dis-
tinct from the conventional PBG, the target angle-driven PBG
under TM polarization is closed at normal incidence while
that under TM polarization is opened at oblique incidence. In
contrast, the target angle-driven PBG under TE polarization
keeps closed at both normal and oblique incidences.

To realize a blueshift angle-driven PBG, we propose a hy-
brid 1D PhC composed of alternating elliptical metamaterial
layers (A layers) and dielectric layers (B layers), as schemat-
ically depicted in Fig. 2(a). The elliptical metamaterial layers
are mimicked by all-dielectric subwavelength multilayers
(CD)M. The whole hybrid 1D PhC can be represented as
[(CD)M B]

N
. The materials of C and D layers are selected to

be air with a relative permittivity εC = n2
C = 1, and hafnium

dioxide (HfO2) with a relative permittivity εD = n2
D = 1.882

[60], respectively. The material of B layer is selected to be
silicon dioxide (SiO2) prepared by glancing angle deposition
[61]. The refractive index of SiO2 prepared by glancing an-
gle deposition can be written as nB(β ) = 1.478−1.60836 ×
10−4β + 1.66219 × 10−5β2 − 6.87101 × 10−7β3, where β

denotes the glancing angle in units of degrees [61]. Here, the
glancing angle is set to be β = 87◦. The refractive index of
SiO2 can be calculated as nB(87◦) = 1.1374. The incident and
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FIG. 1. Schematics of (a) conventional PBG and (b) target blueshift angle-driven PBG.

exit media are air with a relative permittivity ε0 = n2
0 = 12

and magnesium fluoride (MgF2) with a relative permittivity
εS = n2

S = 1.372 [62], respectively. Suppose that a plane wave

launches onto the hybrid 1D PhC [(CD)M B]
N

in the xOz plane
at an incident angle θ0.

According to the effective medium approach (EMA), the
effective relative permittivity tensor of elliptical metamaterial
A can be written as [63]

=
εA =

⎡
⎣εAx 0 0

0 εAx 0
0 0 εAz

⎤
⎦, (1)

where

εAx = pεC + (1 − p)εD, (2a)

1/εAz = p/εC + (1 − p)/εD. (2b)

Here, p = dC/(dC + dD) denotes the filling ratio of
dielectric C in the elliptical metamaterial layer. For el-
liptical metamaterial, we have εAx > 0, εAz > 0, and
εAx �= εAz.

The equations of the IFCs of elliptical metamaterial
A under TM and TE polarizations can be expressed

FIG. 2. (a) Schematic of the hybrid 1D PhC composed of alternating elliptical metamaterial layers (A layers) and dielectric layers (B
layers). The elliptical metamaterial layers are mimicked by all-dielectric subwavelength multilayers (CD)M. Schematics of the IFCs of (b)
elliptical metamaterial A and (c) dielectric B under TM and TE polarizations.
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as [44]

k2
x

εAz
+ k2

Az

εAx
= k2

0 (TM polarization), (3a)

k2
x

εAx
+ k2

Az

εAx
= k2

0 (TE polarization), (3b)

where kx = k0sinθ denotes tangential component of the wave
vector, kAz denotes the normal component of the wave vec-
tor in elliptical metamaterial A, and k0 = 2π/λ0 denotes the
wave vector in air with λ0 being the wavelength in air. From
Eq. (3a), the IFC of elliptical metamaterial A under TM polar-
ization is an ellipse, as shown by the red solid line in Fig. 2(b).
From Eq. (3b), the IFC of elliptical metamaterial A under TE
polarization is a circle, as shown by the blue dashed line in
Fig. 2(b).

Similarly, the equations of the IFCs of dielectric B under
TM and TE polarizations can be expressed as [44]

k2
x

εB
+ k2

Bz

εB
= k2

0 (TM and TE polarizations), (4)

where kBz denotes the normal component of the wave vector
in dielectric B. From Eq. (4), the IFCs of dielectric B under
TM and TE polarizations are both circles, as shown by the
green solid line in Fig. 2(c).

Under TM polarization, elliptical metamaterial A can be
treated as an anisotropic medium since its IFC is an ellipse.
The effective refractive index of elliptical metamaterial A nTM

A
depends on the incident angle θ0, i.e., [64]

nTM
A (θ0) = 1√

cos2[θTM
A (θ0 )]

εAx
+ sin2[θTM

A (θ0 )]
εAz

. (5)

In Eq. (5), θTM
A (θ0) denotes the refractive angle in elliptical

metamaterial A, which satisfying the Snell’s law

nTM
A (θ0)sin

[
θTM

A (θ0)
] = n0 sinθ0. (6)

In Eq. (6), n0 = 1 denotes the refractive index of the incident
medium.

At normal incidence (θ0 = 0◦), we have θTM
A (0◦) = 0◦.

Substituting θTM
A (0◦) = 0◦ into Eq. (5), we obtain nTM

A (0◦) =√
εAx. To close the angle-driven PBG at normal incidence, we

set

nTM
A (0◦) = √

εAx = nB = 1.1374. (7)

Combining Eqs. (2a) and (7), the filling ratio of dielectric
C can be calculated as

p = εB − εD

εC − εD
= 0.8841. (8)

Then, combining Eqs. (5) and (6), the dependence of the
effective refractive index of elliptical metamaterial A under
TM polarization on the incident angle nTM

A (θ0) can be solved,
as shown by the red solid line in Fig. 3. At normal incidence,
nTM

A (0◦) = nB = 1.1374. Therefore, no PBG is opened due to
the lack of the refractive index contrast. At oblique incidence,
nTM

A (θ0) �= nB = 1.1374. Therefore, a PBG is opened under
TM polarization empowered by the refractive index contrast.
As the incident angle increases from 0◦ to ∼90◦, the refractive
index contrast gradually increases since nTM

A decreases from
1.1374 to 1.0524. As a result, the PBG under TM polarization

FIG. 3. Dependences of the effective refractive indices of el-
liptical metamaterial A on the incident angle under TM and TE
polarizations.

is gradually enlarged. This PBG driven by the incident angle
can be called as the angle-driven PBG.

Under TE polarization, elliptical metamaterial A can be
treated as an isotropic medium since its IFC is a circle. The
effective refractive index of elliptical metamaterial nTE

A is in-
dependent of the incident angle θ0, i.e., [64]

nTE
A = √

εAx = 1.1374. (9)

As shown by the blue dashed line in Fig. 3, nTE
A = nB =

1.1374 is always satisfied at any incident angle. Therefore,
no PBG is opened under TE polarization at both normal and
oblique incidences.

According to the Bragg scattering theory, the Bragg
condition of the first-order angle-driven PBG under TM po-
larization takes the following form [65]:

�
(
λTM

Brg, θ0
) = �A

(
λTM

Brg, θ0
) + �B

(
λTM

Brg, θ0
)

= kAz
(
λTM

Brg, θ0
)
dA + kBz

(
λTM

Brg, θ0
)
dB = π, (10)

where � denotes the propagating phase in a unit cell of the
hybrid 1D PhC, λTM

Brg denotes the Bragg wavelength of the first-
order PBG under TM polarization, dA denotes the thickness of
the elliptical metamaterial layer, and dB denotes the thickness
of the dielectric layer.

Substituting Eqs. (3a) and (4) into Eq. (10), we can obtain
the solution of Eq. (10), i.e.,

λTM
Brg(θ0) = 2

(√
εAx − εAx

εAz
sin2θ0dA +

√
εB − sin2θ0dB

)
.

(11)

Since εAx > 0 and εAz > 0, the Bragg wavelength of the
first-order PBG under TM polarization λTM

Brg decreases as the
incident angle θ0 increases. Therefore, the angle-driven PBG
under TM polarization shifts towards shorter wavelengths
(i.e., blueshift). In our design, the Bragg wavelength of the
first-order angle-driven PBG at normal incidence is set to
be λTM

Brg(0◦) = 2400 nm. Also, the thickness of the ellipti-
cal metamaterial layer is set to be dA = 440 nm. To ensure
the accuracy of the EMA, the number of periods in ellipti-
cal metamaterial layer is chosen to be M = 40. Since p =
0.8841, the thicknesses of C and D layers in the ellipti-
cal metamaterial layer can be calculated as dC = pdA/40 =
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FIG. 4. Dependence of the transmittance spectrum of the hybrid
1D PhC [(CD)40 B]

40
on the incident angle under TM and TE polar-

izations. Green dashed line represents the dependence of the Bragg
wavelength predicted by the theoretical model on the incident angle.

9.73 nm and dD = (1−p)dA/40 = 1.27 nm, respectively. The
thickness of a unit cell in the elliptical metamaterial layer
is only dA,Unit = dC + dD = 11.00 nm ≈ 0.0046λTM

Brg(0◦), in-
dicates that the deep subwavelength condition is satisfied.
Substituting λTM

Brg(0◦) = 2400 nm and dA = 440 nm into
Eq. (11), the thickness of the dielectric layer can be obtained,
i.e., dB = 615.04 nm.

To realize a deep angle-driven PBG, the number of periods
in the hybrid 1D PhC is chosen to be N = 40. According
to the transfer matrix method [64], we numerically calculate
the dependence of the transmittance spectrum of the hybrid
1D PhC [(CD)40 B]

40
on the incident angle under TM and

TE polarizations, as depicted in Fig. 4. As demonstrated, a
blueshift angle-driven PBG occurs. Under TM polarization,
the angle-driven PBG is closed at normal incidence while it
is opened at oblique incidence. Under TE polarization, the
angle-driven PBG keeps closed at both normal and oblique
incidences. Also, we calculate the dependence of the Bragg
wavelength predicted by the theoretical model [Eq. (11)] on
the incident angle, as shown in the green dashed line. As

demonstrated, the theoretical model agrees well with the nu-
merical results.

Figure 5(a) gives the transmittance spectra of the hybrid 1D
PhC [(CD)40 B]

40
under TM polarization at normal (θ0 = 0◦)

and oblique (θ0 = 45◦) incidences. Clearly, the angle-driven
PBG is closed at normal incidence while it is opened at
oblique incidence. At θ0 = 45◦, the angle-driven PBG ranges
from 1777.62 to 1890.87 nm. Figure 5(b) gives the trans-
mittance spectra of the hybrid 1D PhC [(CD)40 B]

40
under

TE polarization at normal (θ0 = 0◦) and oblique (θ0 = 45◦)
incidences. Clearly, the angle-driven PBG is closed at both
normal and oblique incidences. Therefore, the angle-driven
PBG exhibits a superior polarization-dependent property. Em-
powered by the superior polarization-dependent property of
the blueshift angle-driven PBG, broadband polarization selec-
tion can be achieved.

B. Broadband polarization selection empowered
by blueshift angle-driven PBGs

In this subsection, we utilize the superior polarization-
dependent property of the blueshift angle-driven PBG to
achieve broadband polarization selection. The materials and
thicknesses of the hybrid 1D PhC are the same as those in
Sec. II A. The incident and exit media are air with a relative
permittivity ε0 = n2

0 = 12 and MgF2 with a relative per-
mittivity εS = n2

S = 1.372 [62], respectively. To obtain high
polarization selection ratio, we consider two cases: θ0 = 60◦
and θ0 = 80◦.

Figure 6(a) gives the transmittance spectra of the hybrid
1D PhC [(CD)40 B]

40
under TM and TE polarizations at θ0 =

60◦. Under TM polarization, the angle-driven PBG is opened.
Specifically, the angle-driven PBG ranges from 1396.00 to
1545.10 nm. The width of the angle-driven PBG reaches
149.10 nm. The transmittance inside the angle-driven PBG
is near zero. Under TE polarization, the angle-driven PBG is
closed. Therefore, the transmittance keeps higher than 0.75.
Figure 6(b) gives the polarization selection ratio spectrum of
the hybrid 1D PhC [(CD)40 B]

40
at θ0 = 60◦. The polarization

selection ratio inside the angle-driven PBG is quite high. At
the wavelength of 1465.22 nm, the polarization selection ratio

FIG. 5. (a) Transmittance spectra of the hybrid 1D PhC [(CD)40 B]
40

under TM polarization at normal (θ0 = 0◦) and oblique (θ0 = 45◦)
incidences. (b) Transmittance spectra of the hybrid 1D PhC [(CD)40 B]

40
under TE polarization at normal (θ0 = 0◦) and oblique (θ0 = 45◦)

incidences.
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FIG. 6. (a) Transmittance spectra of the hybrid 1D PhC [(CD)40 B]
40

under TM and TE polarizations at θ0 = 60◦. (b) Polarization selection
ratio spectrum of the hybrid 1D PhC [(CD)40 B]

40
at θ0 = 60◦. The black dashed line represents the polarization selection ratio equal

to 102.

achieves its maximum 1.41 × 104. We define the wavelength
range where the polarization selection ratio is higher than 102

as the operating wavelength range. The operating wavelength
range is from 1409.62 to 1529.17 nm. The width of the oper-
ating wavelength range reaches 119.55 nm.

Figure 7(a) gives the transmittance spectra of the hy-
brid 1D PhC [(CD)40 B]

40
under TM and TE polarizations

at θ0 = 80◦. Under TM polarization, the angle-driven PBG
is opened. Specifically, the angle-driven PBG ranges from
932.43 to 1168.90 nm. The width of the angle-driven PBG
reaches 236.47 nm, which is wider than that in the case of
θ0 = 60◦. The transmittance inside the angle-driven PBG is
near zero. Under TE polarization, the angle-driven PBG is
closed. Therefore, the transmittance keeps higher than 0.34.
Fig. 7(b) gives the polarization selection ratio spectrum of
the hybrid 1D PhC [(CD)40 B]

40
at θ0 = 80◦. The polarization

selection ratio inside the angle-driven PBG is quite high. At
the wavelength of 1033.12 nm, the polarization selection ratio
achieves its maximum 1.16 × 1011, which is much higher
than that in the case of θ0 = 60◦. The operating wavelength
range is from 934.72 to 1165.65 nm. The width of the oper-
ating wavelength range reaches 230.93 nm. As the incident

angle increases from 60◦ to 80◦, the width of the operating
wavelength range becomes larger since the width of the angle-
driven PBG becomes larger. Nevertheless, the transmittance
under TE polarization becomes lower due to the stronger
impedance mismatch between the incident medium and hy-
brid 1D PhC.

C. Broadband privacy protection empowered
by blueshift angle-driven PBGs

Recently, a kind of narrow-view display technology called
privacy protection have attracted rich attention [66,67]. In
this subsection, we utilize the blueshift angle-driven PBG
to achieve broadband privacy protection under TM polar-
ization. Here, we redesign the hybrid 1D PhC to achieve
high-performance privacy protection. The materials of C and
D layers are selected to be air with a relative permittivity εC =
n2

C = 1, and HfO2 with a relative permittivity εD = n2
D =

1.882 [60], respectively. The material of B layer is selected
to be MgF2 with a relative permittivity εB = n2

B = 1.372 [62].
The incident and exit media are air with a relative permittivity

FIG. 7. (a) Transmittance spectra of the hybrid 1D PhC [(CD)40 B]
40

under TM and TE polarizations at θ0 = 80◦. (b) Polarization selection
ratio spectrum of the hybrid 1D PhC [(CD)40 B]

40
at θ0 = 80◦. The black dashed line represents the polarization selection ratio equal

to 102.
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FIG. 8. (a) Dependence of the transmittance spectrum of the hybrid 1D PhC [(CD)40 B]
30

on the incident angle under TM polarization. (b)
Transmittance angular spectra of the hybrid 1D PhC [(CD)40 B]

30
under TM polarization at λ1 = 1466 nm and λ2 = 1576 nm.

ε0 = n2
0 = 12 and MgF2 with a relative permittivity εS = n2

S =
1.372, respectively. According to Eq. (8), the filling ratio of
dielectric C can be obtained as p = (εB − εD)/(εC − εD) =
0.6540. The Bragg wavelength of the first-order angle-driven
PBG at normal incidence is set to be λTM

Brg(0◦) = 2400 nm.
Also, the thickness of the elliptical metamaterial layer is set
to be dA = 440 nm. To ensure the accuracy of the EMA, the
number of periods in elliptical metamaterial layer is chosen
to be M = 40. Since p = 0.6540, the thicknesses of C and D
layers in the elliptical metamaterial layer can be calculated as
dC = pdA/40 = 7.19 nm and dD = (1−p)dA/40 = 3.81 nm,
respectively. The thickness of a unit cell in the elliptical
metamaterial layer is only dA,Unit = dC + dD = 11.00 nm ≈
0.0046λTM

Brg(0◦), indicates that the deep subwavelength condi-
tion is satisfied. Substituting λTM

Brg(0◦) = 2400 nm and dA =
440 nm into Eq. (11), the thickness of the dielectric layer can
be obtained, i.e., dB = 435.91 nm.

To realize a deep angle-driven PBG, the number of periods
in the hybrid 1D PhC is chosen to be N = 30. According to
the transfer matrix method [64], we numerically calculate the
dependence of the transmittance spectrum of the hybrid 1D
PhC [(CD)40 B]

30
on the incident angle under TM polariza-

tion, as depicted in Fig. 8(a). Notice that both the left and
right panels denote TM polarization. The left panel denotes
negative incident angles while the right one denotes positive
incident angles. As demonstrated, a blueshift angle-driven
PBG occurs. Therefore, privacy protection can be achieved
in the wavelength range between λ1 = 1466 nm and λ2 =
1576 nm. Figure 8(b) gives the transmittance angular spectra
of the hybrid 1D PhC [(CD)40 B]

30
under TM polarization at

λ1 = 1466 nm and λ2 = 1576 nm. In the wavelength range
from 1466 to 1576 nm, the transmittance keeps higher than
0.9 in the angle range (−55◦, 55◦). This angle range can be
called the visible range, as shown by the yellow region. In the
wavelength range from 1466 to 1576 nm, the transmittance
keeps lower than 0.01 in the angle ranges (−90◦,−70◦) and
(70◦, 90◦). These angle ranges can be called as the protected
ranges, as shown by the gray regions.

D. Blueshift angle-driven TPPs in heterostructures consisting of
a metal layer and a hybrid 1D PhC containing

elliptical metamaterials

In this subsection, we realize a blueshift angle-driven TPP
in a heterostructure consisting of a metal layer and a hybrid
1D PhC containing elliptical metamaterials with a blueshift
angle-driven PBG. Figures 9(a) and 9(b) give the schematics
of the conventional TPP and target blueshift angle-driven TPP,
respectively. Since the conventional PBG under both TM and
TE polarizations is usually opened at any incident angle, the
corresponding TPP under both TM and TE polarizations usu-
ally occurs at any incident angle. This class of TPPs can be
called as conventional TPPs. Since the blueshift angle-driven
PBG under TM polarization is closed at normal incidence
while that under TM polarization is opened at oblique inci-
dence, the corresponding TPP under TM polarization does
not occur at normal incidence while that under TM polar-
ization occurs at oblique incidence. Also, the corresponding
TPP under TE polarization does not occur at both normal
and oblique incidences since the PBG under TE polarization
is closed at both normal and oblique incidences. As incident
angle increases, the TPP under TM polarization shifts towards
shorter wavelengths since the PBG under TM polarization
shifts towards shorter wavelengths. This class of TPPs can be
called the blueshift angle-driven TPPs.

To realize a blueshift angle-driven TPP, we propose a
heterostructure consisting of a metal layer (M layer) and a
hybrid 1D PhC composed of alternating elliptical metama-
terial layers (A layers) and dielectric layers (B layers), as
schematically depicted in Fig. 10(a). The whole heterostruc-
ture can be represented as M[(CD)M B]

N
. The material of M

layer is selected to be indium tin oxide (ITO) [68]. The relative
permittivity of ITO can be described by the Drude model, i.e.,
εM = εM,inf − ω2

M,p/(ω2 + iγMω), where εM,inf = 3.9 denotes
the high-frequency relative permittivity, h̄ωM,p = 2.48 eV de-
notes the plasma energy, and h̄γM = 0.016 eV denotes the
damping energy [68]. The materials of C and D layers are
selected to be air with a relative permittivity εC = n2

C = 1, and
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FIG. 9. Schematics of (a) conventional TPP and (b) target blueshift angle-driven TPP.

HfO2 with a relative permittivity εD = n2
D = 1.882 [60], re-

spectively. The material of B layer is selected to be MgF2 with
a relative permittivity εB = n2

B = 1.372 [62]. The incident and
exit media are air with a relative permittivity ε0 = n2

0 = 12

and MgF2 with a relative permittivity εS = n2
S = 1.372, re-

spectively.
Now, we design the heterostructure to realize a blueshift

angle-driven TPP. The thickness of M layer is set to be
dM = 110 nm. According to Eq. (8), the filling ratio of dielec-
tric C can be obtained as p = (εB − εD)/(εC − εD) = 0.6540.
The Bragg wavelength of the first-order angle-driven PBG
at normal incidence is set to be λTM

Brg(0◦) = 2400 nm. Also,
the thickness of the elliptical metamaterial layer is set to
be dA = 300 nm. To ensure the accuracy of the EMA, the
number of periods in elliptical metamaterial layer is chosen

FIG. 10. (a) Schematic of the heterostructure consisting of a
metal layer (M layer) and a hybrid 1D PhC composed of alternat-
ing elliptical metamaterial layers (A layers) and dielectric layers
(B layers). (b) Dependence of the transmittance spectrum of the
heterostructure M[(CD)40 B]

15
on the incident angle under TM and

TE polarizations. Green dashed lines represent the dependences of
the wavelengths of two band edges on the incident angle.

to be M = 40. Since p = 0.6540, the thicknesses of C and
D layers in the elliptical metamaterial layer can be calcu-
lated as dC = pdA/40 = 4.905 nm and dD = (1−p)dA/40 =
2.595 nm, respectively. The thickness of a unit cell in
the elliptical metamaterial layer is only dA,Unit = dC + dD =
7.50 nm ≈ 0.0031λTM

Brg(0◦), indicates that the deep subwave-
length condition is satisfied. Substituting λTM

Brg(0◦) = 2400 nm
and dA = 300 nm into Eq. (11), the thickness of the dielectric
layer can be obtained, i.e., dB = 575.91 nm. To realize a
blueshift angle-driven TPP, a wide blueshift angle-driven PBG
is required. Hence, the number of periods in the hybrid 1D
PhC is chosen to be N = 15. According to the transfer matrix
method [64], we numerically calculate the dependence of the
transmittance spectrum of the heterostructure M[(CD)40 B]

15

on the incident angle under TM and TE polarizations, as
depicted in Fig. 10(b). The green dashed lines represent the
dependences of the wavelengths of two band edges on the
incident angle. As demonstrated, a blueshift angle-driven TPP
occurs. Under TM polarization, the angle-driven TPP does not
occur at normal incidence. As the incident angle increases
to 16◦, the angle-driven TPP occurs at 2364.76 nm. As the
incident angle continues to increase to ∼90◦, the angle-driven
TPP strongly shifts to 1571.38 nm. Under TE polarization, the
angle-driven TPP does not occur at both normal and oblique
incidences.

Figure 11(a) gives the transmittance spectra of the het-
erostructure M[(CD)40 B]

15
under TM polarization at normal

(θ0 = 0◦) and oblique (θ0 = 50◦) incidences. Clearly, the
angle-driven TPP does not occur at normal incidence while
occurs at oblique incidence. At θ0 = 50◦, the angle-driven
TPP occurs at 1954.40 nm. Figure 11(b) gives the transmit-
tance spectra of the heterostructure M[(CD)40 B]

15
under TE

polarization at normal (θ0 = 0◦) and oblique (θ0 = 50◦) inci-
dences. Clearly, the angle-driven TPP does not occur at both
normal and oblique incidences. Therefore, the angle-driven
TPP exhibits a superior polarization-dependent property. Em-
powered by the superior polarization-dependent property of
the blueshift angle-driven TPP, narrowband polarization se-
lection can be achieved.

III. HYBRID 1D PHCs CONTAINING HYPERBOLIC
METAMATERIALS: ZERO-SHIFT ANGLE-DRIVEN

PBGs AND TPPs

This section is organized as follows. In Sec. III A,
we demonstrate the physical mechanism of the zero-shift
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FIG. 11. (a) Transmittance spectra of the heterostructure M[(CD)40 B]
15

under TM polarization at normal (θ0 = 0◦) and oblique (θ0 = 50◦)
incidences. (b) Transmittance spectra of the heterostructure M[(CD)40 B]

15
under TE polarization at normal (θ0 = 0◦) and oblique (θ0 = 50◦)

incidences.

angle-driven PBGs in hybrid 1D PhCs containing hyperbolic
metamaterials. In Sec. III B, we show an application of the
zero-shift angle-driven PBGs: wide-angle polarization selec-
tion. In Sec. III C, we realize zero-shift angle-driven TPPs in
heterostructures consisting of a metal layer and a hybrid 1D
PhC containing hyperbolic metamaterials.

A. Zero-shift angle-driven PBGs in hybrid 1D PhCs
containing hyperbolic metamaterials

To realize a zero-shift angle-driven PBG, we propose a
hybrid 1D PhC composed of alternating hyperbolic metama-
terial layers (A layers) and dielectric layers (B layers), as
schematically depicted in Fig. 12(a). The hyperbolic metama-
terial layers are mimicked by dielectric-metal subwavelength
multilayers (CD)M. The whole hybrid 1D PhC can be repre-
sented as [(CD)M B]

N
. The material of the C layer is selected

to be silicon (Si) with a relative permittivity εC = n2
C = 3.482

[62]. Initially, we ignore the dispersion and loss of the metal.
The material of D layer is selected to be a nondispersive
lossless metal with a relative permittivity εD = −5. In the
Appendix, we investigate the effects of the dispersion and loss
of the metal on the zero-shift angle-driven PBG and zero-shift
angle-driven TPP. The material of the B layer is selected to
be MgF2 with a relative permittivity εB = n2

B = 1.372 [62].
The incident and exit media are air with a relative permittivity
ε0 = n2

0 = 12 and MgF2 with a relative permittivity εS = n2
S =

1.372 [62], respectively. Suppose that a plane wave launches
onto the hybrid 1D PhC [(CD)M B]

N
in the xOz plane at an

incident angle θ0.
According to the EMA, the effective relative permittivity

tensor of hyperbolic metamaterial A can be written as [63]

=
εA =

⎡
⎣εAx 0 0

0 εAx 0
0 0 εAz

⎤
⎦, (12)

where

εAx = pεC + (1 − p)εD, (13a)

1/εAz = p/εC + (1 − p)/εD. (13b)

Here, p = dC/(dC + dD) denotes the filling ratio of dielectric
C in the hyperbolic metamaterial layer. For type-I hyperbolic
metamaterial, we have εAx > 0 and εAz < 0.

The equations of the IFCs of hyperbolic metamaterial A
under TM and TE polarizations can be expressed as [44]

k2
x

εAz
+ k2

Az

εAx
= k2

0 (TM polarization), (14a)

k2
x

εAx
+ k2

Az

εAx
= k2

0 (TE polarization), (14b)

where kx = k0sinθ denotes tangential component of the wave
vector, kAz denotes the normal component of the wave vector
in hyperbolic metamaterial A, and k0 = 2π/λ0 denotes the
wave vector in air with λ0 being the wavelength in air. From
Eq. (14a), the IFC of hyperbolic metamaterial A under TM
polarization is a hyperbola, as shown by the red solid lines in
Fig. 12(b). From Eq. (14b), the IFC of hyperbolic metamate-
rial A under TE polarization is a circle, as shown by the blue
dashed line in Fig. 12(b).

Similarly, the equations of the IFCs of dielectric B under
TM and TE polarizations can be expressed as [44]

k2
x

εB
+ k2

Bz

εB
= k2

0 (TM and TE polarizations), (15)

where kBz denotes the normal component of the wave vector
in dielectric B. From Eq. (15), the IFCs of dielectric B under
TM and TE polarizations are both circles, as shown by the
green solid line in Fig. 12(c).

Under TM polarization, hyperbolic metamaterial A can be
treated as an anisotropic medium since its IFC is a hyperbola.
The effective refractive index of hyperbolic metamaterial A
nTM

A depends on the incident angle θ0, i.e., [64]

nTM
A (θ0) = 1√

cos2[θTM
A (θ0 )]

εAx
+ sin2[θTM

A (θ0 )]
εAz

. (16)

In Eq. (16), θTM
A (θ0) denotes the refractive angle in hyperbolic

metamaterial A, which satisfying the Snell’s law

nTM
A (θ0)sin

[
θTM

A (θ0)
] = n0sinθ0. (17)
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FIG. 12. (a) Schematic of the hybrid 1D PhC composed of alternating hyperbolic metamaterial layers (A layers) and dielectric layers (B
layers). The hyperbolic metamaterial layers are mimicked by dielectric-metal subwavelength multilayers (CD)M. Schematics of the IFCs of
(b) hyperbolic metamaterial A and (c) dielectric B under TM and TE polarizations.

In Eq. (17), n0 = 1 denotes the refractive index of the incident
medium.

At normal incidence (θ0 = 0◦), we have θTM
A (0◦) = 0◦.

Substituting θTM
A (0◦) = 0◦ into Eq. (5), we obtain nTM

A (0◦) =√
εAx. To close the angle-driven PBG at normal incidence, we

set

nTM
A (0◦) = √

εAx = nB = 1.37. (18)

Combining Eqs. (13a) and (18), the filling ratio of dielectric
C can be calculated as

p = εB − εD

εC − εD
= 0.4019. (19)

Then, combining Eqs. (16) and (17), the dependence of the
effective refractive index of hyperbolic metamaterial A under
TM polarization on the incident angle nTM

A (θ0) can be solved,
as shown by the red solid line in Fig. 3. At normal incidence,
nTM

A (0◦) = nB = 1.37. Therefore, no PBG is opened due to
the lack of the refractive index contrast. At oblique incidence,
nTM

A (θ0) �= nB = 1.37. Therefore, a PBG is opened under TM
polarization empowered by the refractive index contrast. As
the incident angle increases from 0◦ to ∼ 90◦, the refractive
index contrast gradually increases since nTM

A increases from
1.37 to 1.7433. As a result, the PBG under TM polarization is
gradually enlarged. Substituting Eq. (19) into Eqs. (13a) and
(13b), we have εAx = 1.8769 > 0 and εAz = −11.5701 < 0.

Hence, the dielectric-metal subwavelength multilayer (CD)400

can be treated as a type-I hyperbolic metamaterial.
Under TE polarization, hyperbolic metamaterial A can be

treated as an isotropic medium since its IFC is a circle. The
effective refractive index of hyperbolic metamaterial nTE

A is
independent of the incident angle θ0, i.e., [64]

nTE
A = √

εAx = 1.37. (20)

As shown by the blue dashed line in Fig. 13, nTE
A = nB = 1.37

is always satisfied at any incident angle. Therefore, no PBG
is opened under TE polarization at both normal and oblique
incidences.

According to the Bragg scattering theory, the Bragg
condition of the first-order angle-driven PBG under TM po-
larization takes the following form [65]:

�
(
λTM

Brg, θ0
) = �A

(
λTM

Brg, θ0
) + �B

(
λTM

Brg, θ0
)

= kAz
(
λTM

Brg, θ0
)
dA + kBz

(
λTM

Brg, θ0
)
dB = π, (21)

where � denotes the propagating phase in a unit cell of the
hybrid 1D PhC, λTM

Brg denotes the Bragg wavelength of the
first-order PBG under TM polarization, dA denotes the thick-
ness of the hyperbolic metamaterial layer, and dB denotes the
thickness of the dielectric layer.

It is known that the propagating phase in a unit cell of the
hybrid 1D PhC under TM polarization can be expressed as a
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FIG. 13. Dependences of the effective refractive indices of hy-
perbolic metamaterial A on the incident angle under TM and TE
polarizations.

binary function of the wavelength and incident angle, i.e.,

�(λ, θ0) = �A(λ, θ0) + �B(λ, θ0)

= kAz(λ, θ0)dA + kBz(λ, θ0)dB. (22)

To realize a zero-shift angle-driven PBG, the propagating
phase in a unit cell of the hybrid 1D PhC under TM po-
larization must be independent of the incident angle, i.e.,
∂�/∂θ0 = 0. Since the IFC of hyperbolic metamaterial A
under TM polarization is a hyperbola, we have ∂kAz/∂θ0 > 0
and ∂�A/∂θ0 > 0. Since the IFC of dielectric B under TM
polarization is a circle, we have ∂kBz/∂θ0 < 0 and ∂�B/∂θ0 <

0. Therefore, ∂�/∂θ0 = 0 can be achieved when the phase
variation of hyperbolic metamaterial layer with respect to the
incident angle ∂�A/∂θ0 is compensated with that of dielectric
layer with respect to the incident angle ∂�B/∂θ0.

Combining Eqs. (14a), (15), (21), (22), and ∂�/∂θ0 = 0,
after some algebra [69], the thicknesses of the hyperbolic
metamaterial and dielectric layers should satisfy

dA = λTM
Brg(0◦)

2

1√
εAx

(
1 − εB

εAz

) , (22a)

dB = λTM
Brg(0◦)

2

1√
εB

(
1 − εAz

εB

) , (22b)

where λTM
Brg(0◦) denotes the Bragg wavelength of the first-

order PBG at normal incidence under TM polarization.
Substituting Eqs. (14a) and (15) into Eq. (21), we can

obtain the solution of Eq. (21), i.e.,

λTM
Brg(θ0) = 2

(√
εAx − εAx

εAz
sin2θ0dA +

√
εB − sin2θ0dB

)
.

(23)

When Eqs. (22a) and (22b) are satisfied, the Bragg wave-
length of the first-order PBG under TM polarization λTM

Brg is
insensitive to the incident angle θ0. Therefore, the position
of the angle-driven PBG under TM polarization keeps almost
unshifted.

In our design, the Bragg wavelength of the first-
order angle-driven PBG at normal incidence is set to be
λTM

Brg(0◦) = 1500 nm. Substituting λTM
Brg(0◦) = 1500 nm into

FIG. 14. Dependence of the transmittance spectrum of the hybrid
1D PhC [(CD)400 B]

40
on the incident angle under TM and TE polar-

izations. Green dashed line represents the dependence of the Bragg
wavelength predicted by the theoretical model on the incident angle.

Eqs. (22a) and (22b), the thicknesses of the hyperbolic meta-
material and dielectric layers can be obtained, i.e., dA =
471.03 nm and dB = 76.41 nm. To ensure the accuracy of
the EMA, the number of periods in hyperbolic metamate-
rial layer is chosen to be M = 400. Since p = 0.4019, the
thicknesses of C and D layers in the hyperbolic metamaterial
layer can be calculated as dC = pdA/400 = 0.473 nm and
dD = (1−p)dA/400 = 0.704 nm, respectively. The thickness
of a unit cell in the hyperbolic metamaterial layer is only
dA,Unit = dC + dD = 1.177 nm ≈ 0.00078λTM

Brg(0◦), indicates
that the deep subwavelength condition is satisfied.

To realize a deep angle-driven PBG, the number of periods
in the hybrid 1D PhC is chosen to be N = 40. According
to the transfer matrix method [64], we numerically calculate
the dependence of the transmittance spectrum of the hybrid
1D PhC [(CD)400 B]

40
on the incident angle under TM and

TE polarizations, as depicted in Fig. 14. As demonstrated, a
zero-shift angle-driven PBG occurs. Under TM polarization,
the angle-driven PBG is closed at normal incidence while it is
opened at oblique incidence. The position of the angle-driven
PBG is insensitive to the incident angle. Under TE polar-
ization, the angle-driven PBG keeps closed at both normal
and oblique incidences. Also, we calculate the dependence
of the Bragg wavelength predicted by the theoretical model
[Eq. (23)] on the incident angle, as shown in the green dashed
line. As demonstrated, the theoretical model agrees well with
the numerical results.

Figure 15(a) gives the transmittance spectra of the hybrid
1D PhC [(CD)400 B]

40
under TM polarization at different

incident angles θ0 = 0◦, 30◦, 50◦, and 70◦. Clearly, the angle-
driven PBG is closed at normal incidence while is opened at
oblique incidence. Also, the position of the angle-driven PBG
is insensitive to the incident angle. For θ0 = 30◦, 50◦, and
70◦, the angle-driven PBG is opened around 1500 nm. Fig-
ure 15(b) gives the transmittance spectra of the hybrid 1D PhC
[(CD)400 B]

40
under TE polarization at different incident an-

gles θ0 = 0◦, 30◦, 50◦, and 70◦. Clearly, the angle-driven PBG
is closed at both normal and oblique incidences. Therefore, the
angle-driven PBG exhibits a superior polarization-dependent
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FIG. 15. (a) Transmittance spectra of the hybrid 1D PhC [(CD)400 B]
40

under TM polarization at different incident angles θ0 = 0◦, 30◦,
50◦, and 70◦. (b) Transmittance spectra of the hybrid 1D PhC [(CD)400 B]

40
under TE polarization at different incident angles θ0 = 0◦, 30◦,

50◦, and 70◦.

property. Empowered by the superior polarization-dependent
and zero-shift properties of the zero-shift angle-driven PBG,
wide-angle polarization selection can be achieved.

B. Wide-angle polarization selection empowered
by zero-shift angle-driven PBGs

In this subsection, we utilize the superior polarization-
dependent and zero-shift properties of the zero-shift angle-
driven PBG to achieve wide-angle polarization selection. The
materials and thicknesses of the hybrid 1D PhC are the same
as those in Sec. III A. The incident and exit media are air with
a relative permittivity ε0 = n2

0 = 12 and MgF2 with a relative
permittivity εS = n2

S = 1.372 [62], respectively.
Figure 16(a) gives the transmittance angular spectra of the

hybrid 1D PhC [(CD)400 B]
40

under TM and TE polarizations
at λ = 1500 nm. At normal incidence, the transmittance is
high (0.927) since the angle-driven PBG is closed. As the
incident angle increases, the transmittance under TM polariza-
tion decreases rapidly since the angle-driven PBG is opened.
However, the transmittance under TE polarization decreases
slowly since the angle-driven PBG is closed. Figure 16(b)
gives the polarization selection ratio angular spectrum of the
hybrid 1D PhC [(CD)400 B]

40
at λ = 1500 nm. As the incident

increases from 0◦ to ∼90◦, the polarization selection ratio
rapidly increases from 1.00 × 100 to 1.42 × 104. We define
the angle range where the polarization selection ratio is higher
than 102 as the operating angle range. The operating angle
range is from 49.86◦ to ∼90◦. The width of the operating
angle range reaches 40.14◦.

C. Zero-shift angle-driven TPPs in heterostructures consisting
of a metal layer and a hybrid 1D PhC containing

hyperbolic metamaterials

In this subsection, we realize a zero-shift angle-driven TPP
in a heterostructure consisting of a metal layer and a hybrid
1D PhC containing hyperbolic metamaterials with a zero-
shift angle-driven PBG. Figure 17(a) depicts the schematic
of the proposed heterostructure. The whole heterostructure
can be represented as M[(CD)M B]

N
. The material of M

layer is selected to be ITO [68]. The relative permittiv-
ity of ITO can be described by the Drude model, i.e.,
εM = εM,inf − ω2

M,p/(ω2 + iγMω), where εM,inf = 3.9 denotes
the high-frequency relative permittivity, h̄ωM,p = 2.48 eV
denotes the plasma energy, and h̄γM = 0.016 eV denotes the
damping energy [68]. The materials and thicknesses of the hy-
brid 1D PhC are the same as those in Sec. III A. The incident

FIG. 16. (a) Transmittance angular spectra of the hybrid 1D PhC [(CD)400 B]
40

under TM and TE polarizations at λ = 1500 nm.
(b) Polarization selection ratio angular spectrum of the hybrid 1D PhC [(CD)400 B]

40
at λ = 1500 nm. The black dashed line represents

the polarization selection ratio equal to 102.
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FIG. 17. (a) Schematic of the heterostructure consisting of a
metal layer (M layer) and a hybrid 1D PhC composed of alternating
hyperbolic metamaterial layers (A layers) and dielectric layers (B
layers). (b) Dependence of the transmittance spectrum of the het-
erostructure M[(CD)400 B]

15
on the incident angle under TM and TE

polarizations. Green dashed lines represent the dependences of the
wavelengths of two band edges on the incident angle.

and exit media are air with a relative permittivity ε0 = n2
0 = 12

and MgF2 with a relative permittivity εS = n2
S = 1.372 [62],

respectively.
Now, we design the heterostructure to realize a zero-shift

angle-driven TPP. The thickness of M layer is set to be dM =
180 nm. To realize a zero-shift angle-driven TPP, a wide
zero-shift angle-driven PBG is required. Hence, the number
of periods in the hybrid 1D PhC is chosen to be N = 15.
According to the transfer matrix method [64], we numerically
calculate the dependence of the transmittance spectrum of the

heterostructure M[(CD)400 B]
15

on the incident angle under
TM and TE polarizations, as depicted in Fig. 17(b). The green
dashed lines represent the dependences of the wavelengths of
two band edges on the incident angle. As demonstrated, a
zero-shift angle-driven TPP occurs. Under TM polarization,
the angle-driven TPP does not occur at normal incidence.
As the incident angle increases to 30◦, the angle-driven TPP
occurs at 1479.86 nm. As the incident angle continues to in-
crease to ∼90◦, the angle-driven TPP slightly shifts to 1461.94
nm. The relative shift of the angle-driven TPP is only 1.21%.
Under TE polarization, the angle-driven TPP does not occur
at both normal and oblique incidences.

Figure 18(a) gives the transmittance spectra of the het-
erostructure M[(CD)400 B]

15
under TM polarization at dif-

ferent incident angles θ0 = 0◦, 30◦, 50◦, and 70◦. Clearly,
the angle-driven TPP does not occur at normal incidence
while it does occur at oblique incidence. Also, the posi-
tion of the angle-driven TPP is insensitive to the incident
angle. Figure 18(b) gives the transmittance spectra of the
heterostructure M[(CD)400 B]

15
under TE polarization at dif-

ferent incident angles θ0 = 0◦, 30◦, 50◦, and 70◦. Clearly,
the angle-driven TPP does not occur at both normal and
oblique incidences. Therefore, the angle-driven TPP exhibits
a superior polarization-dependent property. Empowered by
the superior polarization-dependent and zero-shift properties
of the zero-shift angle-driven TPP, wide-angle polarization
selection can be achieved.

IV. CONCLUSIONS

In summary, we realize blueshift and zero-shift angle-
driven PBGs in hybrid 1D PhCs composed of alternating
anisotropic metamaterial and dielectric layers. Under TM po-
larization, the angle-driven PBG is closed at normal incidence
while is opened at oblique incidence. Under TE polarization,
the angle-driven PBG is closed at both normal and oblique
incidences. In hybrid 1D PhCs composed of alternating ellip-
tical metamaterial and dielectric layers, we realize blueshift
angle-driven PBGs under TM polarization. Assisted by the
blueshift angle-driven PBG, broadband polarization selection
and privacy protection can be achieved. In hybrid 1D PhCs

FIG. 18. (a) Transmittance spectra of the heterostructure M[(CD)400 B]
15

under TM polarization at different incident angles θ0 = 0◦, 30◦,
50◦, and 70◦. (b) Transmittance spectra of the heterostructure M[(CD)400 B]

15
under TE polarization at different incident angles θ0 = 0◦, 30◦,

50◦, and 70◦.
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FIG. 19. Dependence of the transmittance spectrum of the hybrid
1D PhC [(CD)400 B]

40
on the incident angle under TM and TE

polarizations. The dispersion of the metal is considered.

composed of alternating hyperbolic metamaterial and dielec-
tric layers, we realize zero-shift angle-driven PBGs under
TM polarization. Assisted by the zero-shift angle-driven PBG,
wide-angle polarization selection can be achieved. By placing
a metal layer in front of the hybrid 1D PhCs to constitute the
heterostructures, blueshift and zero-shift angle-driven TPPs
can be realized. Our work provides a viable route to realizing
angle-driven PBGs and angle-driven TPPs.
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APPENDIX: EFFECTS OF DISPERSION AND LOSS OF
METAL ON ZERO-SHIFT ANGLE-DRIVEN PBGs AND

ZERO-SHIFT ANGLE-DRIVEN TPPs

Here, we investigate the effects of the dispersion and loss
of the metal on the zero-shift angle-driven PBG and zero-shift

angle-driven TPP. The material of the D layer is selected to
be a dispersive metal with a relative permittivity described by
the Drude model, i.e., εD = εD,inf − ω2

D,p/(ω2 + iγDω), where
εD,inf denotes the high-frequency relative permittivity, h̄ωD,p

denotes the plasma energy, and h̄γD denotes the damping
energy. The materials of C and D layers are the same as those
in Sec. III. Also, the incident and exit media are the same as
those in Sec. III.

Initially, we consider the dispersion and ignore the loss,
i.e., h̄γD = 0. The high-frequency relative permittivity and
plasma energy are taken from a kind of infrared plasmonic
materials, ITO, i.e., εD,inf = 3.9 and h̄ωD,p = 2.48 eV [68].
The Bragg wavelength of the first-order angle-driven PBG
at normal incidence is set to be λTM

Brg(0◦) = 1500 nm. Ac-
cording to Eq. (19), the filling ratio of dielectric C can be
calculated as p = 0.4042. Substituting λTM

Brg(0◦) = 1500 nm
into Eqs. (22a) and (22b), the thicknesses of the hyperbolic
metamaterial and dielectric layers can be obtained, i.e., dA =
472.71 nm and dB = 74.74 nm. To ensure the accuracy of
the EMA, the number of periods in hyperbolic metamate-
rial layer is chosen to be M = 400. Since p = 0.4042, the
thicknesses of C and D layers in the hyperbolic metamate-
rial layer can be calculated as dC = pdA/400 = 0.478 nm
and dD = (1−p)dA/400 = 0.704 nm, respectively. The thick-
ness of a unit cell in the hyperbolic metamaterial layer
is only dA,Unit = dC + dD = 1.182 nm ≈ 0.00079λTM

Brg(0◦),
which indicates that the deep subwavelength condition is
satisfied.

To realize a deep angle-driven PBG, the number of periods
in the hybrid 1D PhC is chosen to be N = 40. According to
the transfer matrix method [64], we numerically calculate the
dependence of the transmittance spectrum of the hybrid 1D
PhC [(CD)400 B]

40
on the incident angle under TM and TE

polarizations, as depicted in Fig. 19. Under TM polarization,
a zero-shift angle-driven PBG still occurs when considering
the dispersion of the metal.

Interestingly, an extra blueshift angle-driven PBG occurs
under TE polarization when considering the dispersion of
the metal. In the following, we explain the formation of this
blueshift angle-driven PBG. According to the Bragg scattering
theory, the Bragg condition of the first-order angle-driven

FIG. 20. (a) Transmittance spectra of the hybrid 1D PhC [(CD)400 B]
40

under TM polarization at different incident angles θ0 = 0◦, 30◦,
50◦, and 70◦. (b) Transmittance spectra of the hybrid 1D PhC [(CD)400 B]

40
under TE polarization at different incident angles θ0 = 0◦, 30◦,

50◦, and 70◦. The dispersion of the metal is considered.
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FIG. 21. Dependence of the transmittance spectrum of the het-
erostructure M[(CD)400 B]

15
on the incident angle under TM and TE

polarizations. Green dashed lines represent the dependences of the
wavelengths of four band edges on the incident angle. The dispersion
of the metal is considered.

PBG under TE polarization takes the following form [65]:

�
(
λTE

Brg, θ0
) = �A

(
λTE

Brg, θ0
) + �B

(
λTE

Brg, θ0
)

= kAz
(
λTE

Brg, θ0
)
dA + kBz

(
λTE

Brg, θ0
)
dB = π, (A1)

where � denotes the propagating phase in a unit cell of the
hybrid 1D PhC, λTE

Brg denotes the Bragg wavelength of the
first-order PBG under TE polarization, dA denotes the thick-
ness of the hyperbolic metamaterial layer, and dB denotes the
thickness of the dielectric layer.

Substituting Eqs. (14b) and (15) into Eq. (A1), we can
obtain the solution of Eq. (A1), i.e.,

λTE
Brg(θ0) = 2(

√
εAx − sin2θ0dA +

√
εB − sin2θ0dB). (A2)

According to Eq. (A2), the Bragg wavelength of the first-
order PBG under TE polarization λTE

Brg decreases as the
incident angle θ0 increases. At normal incidence (θ0 = 0◦),
the PBG is closed since nTE

A [λTE
Brg(0◦)] =

√
εAx[λTE

Brg(0◦)] =
nB = 1.37. Nevertheless, at oblique incidence (θ0 �= 0◦),
the Bragg wavelength of the first-order PBG under TE

polarization λTE
Brg decreases. Since metal D is dispersive,

the hyperbolic metamaterial (A layer) is also dispersive.
At oblique incidence (θ0 �= 0◦), we have nTE

A [λTE
Brg(θ0)] =√

εAx[λTE
Brg(θ0)] �= nB. Owing to the refractive index contrast

between the hyperbolic metamaterial and dielectric layers, a
PBG occurs under TE polarization.

Figure 20(a) gives the transmittance spectra of the hybrid
1D PhC [(CD)400 B]

40
under TM polarization at different

incident angles θ0 = 0◦, 30◦, 50◦, and 70◦. Clearly, the angle-
driven PBG is closed at normal incidence while it is opened
at oblique incidence. Also, the position of the angle-driven
PBG is insensitive to the incident angle. For θ0 = 30◦, 50◦,
and 70◦, the angle-driven PBG is opened around 1500 nm.
Figure 20(b) gives the transmittance spectra of the hybrid 1D
PhC [(CD)400 B]

40
under TE polarization at different incident

angles θ0 = 0◦, 30◦, 50◦, and 70◦. Clearly, the angle-driven
PBG is closed at normal incidence while is opened at oblique
incidence. As the incident angle increases, the angle-driven
PBG strongly shifts towards shorter wavelengths.

To realize angle-driven TPPs under TM and TE polariza-
tions, we placed an ITO layer in front of the hybrid 1D PhCs.
The relative permittivity of ITO can be described by the Drude
model, i.e., εM = εM,inf − ω2

M,p/(ω2 + iγMω), where εM,inf =
3.9 denotes the high-frequency relative permittivity, h̄ωM,p =
2.48 eV denotes the plasma energy, and h̄γM = 0.016 eV
denotes the damping energy [68]. The whole heterostructure
can be represented as M[(CD)400 B]

15
. The incident and exit

media are air with a relative permittivity ε0 = n2
0 = 12 and

MgF2 with a relative permittivity εS = n2
S = 1.372 [62], re-

spectively. To realize angle-driven TPPs under TM and TE
polarizations, the thickness of the M layer is set to be dM =
120 nm. According to the transfer matrix method [64], we
numerically calculate the dependence of the transmittance
spectrum of the heterostructure M[(CD)400 B]

15
on the inci-

dent angle under TM and TE polarizations, as depicted in
Fig. 21. The green dashed lines represent the dependences of
the wavelengths of four band edges on the incident angle. As
demonstrated, a zero-shift angle-driven TPP occurs under TM
polarization while a blueshift angle-driven TPP occurs under

FIG. 22. (a) Transmittance spectra of the heterostructure M[(CD)400 B]
15

under TM polarization at different incident angles θ0 = 0◦, 30◦,
50◦, and 70◦. (b) Transmittance spectra of the heterostructure M[(CD)400 B]

15
under TE polarization at different incident angles θ0 = 0◦, 30◦,

50◦, and 70◦. The dispersion of the metal is considered.
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FIG. 23. (a) Transmittance spectra of the hybrid 1D PhC [(CD)400 B]
40

under TM polarization at different incident angles θ0 = 0◦, 30◦,
50◦, and 70◦. (b) Transmittance spectra of the hybrid 1D PhC [(CD)400 B]

40
under TE polarization at different incident angles θ0 = 0◦, 30◦,

50◦, and 70◦. Both the dispersion and loss of the metal are considered.

TE polarization. Under TM polarization, the angle-driven TPP
does not occur at normal incidence. As the incident angle in-
creases to 32◦, the angle-driven TPP occurs at 1495.53 nm. As
the incident angle continues to increase to ∼ 90◦, the angle-
driven TPP slightly shifts to 1488.72 nm. The relative shift of
the angle-driven TPP is only 0.46%. Under TE polarization,
the angle-driven TPP does not occur at normal incidence.
As the incident angle increases to 20◦, the angle-driven TPP
occurs at 1495.73 nm. As the incident angle continues to
increase to ∼ 90◦, the angle-driven TPP strongly shifts to
1401.11 nm. The relative shift of the angle-driven TPP reaches
6.33%.

Figure 22(a) gives the transmittance spectra of the het-
erostructure M[(CD)400 B]

15
under TM polarization at dif-

ferent incident angles θ0 = 0◦, 40◦, 60◦, and 80◦. Clearly,
the angle-driven TPP does not occur at normal incidence
while occurs at oblique incidence. Also, the position of
the angle-driven TPP is insensitive to the incident an-
gle. Figure 22(b) gives the transmittance spectra of the
heterostructure M[(CD)400 B]

15
under TE polarization at dif-

ferent incident angles θ0 = 0◦, 40◦, 60◦, and 80◦. Clearly,
the angle-driven TPP does not occur at normal incidence

while occurs at oblique incidence. As the incident angle in-
creases, the angle-driven TPP strongly shifts towards shorter
wavelengths.

Now, we consider the dispersion and loss of the metal (D
layer) simultaneously. The damping energy of the metal is set
to be 1/10 times of the damping energy of ITO, i.e., h̄γD =
0.0016 eV. Figure 23(a) gives the transmittance spectra of the
hybrid 1D PhC [(CD)400 B]

40
under TM polarization at dif-

ferent incident angles θ0 = 0◦, 30◦, 50◦, and 70◦. Compared
with Fig. 20(a), the transmittance is reduced due to the loss
of the metal layers. The angle-driven PBG is closed at normal
incidence while it is opened at oblique incidence. Also, the
position of the angle-driven PBG is insensitive to the incident
angle. For θ0 = 30◦, 50◦, and 70◦, the angle-driven PBG is
opened around 1500 nm. Figure 23(b) gives the transmittance
spectra of the hybrid 1D PhC [(CD)400 B]

40
under TE polar-

ization at different incident angles θ0 = 0◦, 30◦, 50◦, and 70◦.
Compared with Fig. 20(b), the transmittance is reduced due to
the loss of the metal layers. The angle-driven PBG is closed at
normal incidence while is opened at oblique incidence. As the
incident angle increases, the angle-driven PBG strongly shifts
towards shorter wavelengths.

FIG. 24. (a) Transmittance spectra of the heterostructure M[(CD)400 B]
15

under TM polarization at different incident angles θ0 = 0◦, 40◦,
60◦, and 80◦. (b) Transmittance spectra of the heterostructure M[(CD)400 B]

15
under TE polarization at different incident angles θ0 = 0◦, 40◦,

60◦, and 80◦. Both the dispersion and loss of the metal are considered.
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Figure 24(a) gives the transmittance spectra of the het-
erostructure M[(CD)400 B]

15
under TM polarization at dif-

ferent incident angles θ0 = 0◦, 40◦, 60◦, and 80◦. Compared
with Fig. 22(a), the transmittance is reduced due to the
loss of the metal layers. The angle-driven TPP does not
occur at normal incidence while it does occur at oblique
incidence. Also, the position of the angle-driven TPP is
insensitive to the incident angle. Figure 24(b) gives the

transmittance spectra of the heterostructure M[(CD)400 B]
15

under TE polarization at different incident angles θ0 = 0◦,
40◦, 60◦, and 80◦. Compared with Fig. 22(b), the transmit-
tance is reduced due to the loss of the metal layers. The
angle-driven TPP does not occur at normal incidence while
occurs at oblique incidence. As the incident angle increases,
the angle-driven TPP strongly shifts towards shorter wave-
lengths.
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