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Conventional defect modes in all-dielectric 1D photonic crys-
tals (PCs) are polarization-insensitive. This poses a great
challenge in achieving high-performance polarization selec-
tivity. In this Letter, we introduce a defect layer into a 1D PC
containing hyperbolic metamaterials to achieve an anoma-
lous defect mode with polarization-sensitive characteristics.
As the incident angle increases, such a defect mode remains
almost unshifted under transverse magnetic polarization,
while strongly shifting toward shorter wavelengths under
transverse electric polarization. The polarization-sensitive
characteristics of the defect mode can be well explained
by the Fabry–Perot resonance condition. Assisted by the
polarization-sensitive defect mode, wide-angle polarization
selectivity with an operating angle width up to 54.8° can be
realized. Our work provides a route to designing wide-angle
linear polarizers using simple 1D structures, which would
be useful in liquid crystal display and Q-switched lasers.
© 2022 Optica Publishing Group
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By introducing defects into photonic crystals (PCs), types of
resonant mode called defect modes will emerge within photonic
band gaps (PBGs) [1]. Over the past two decades, defect modes
have been widely utilized in filters [2], fibers [3], and non-
linear devices [4]. In particular, defect modes in all-dielectric
one-dimensional (1D) PCs have received enormous attention,
since all-dielectric 1D PCs are easily fabricated [5–8]. How-
ever, it is known that defect modes in all-dielectric 1D PCs are
polarization-insensitive [9,10]. Under both transverse magnetic
(TM) and transverse electric (TE) polarizations, defect modes
in all-dielectric 1D PCs will shift toward shorter wavelengths
(i.e., blueshift) as the incident angle increases [9,10]. The under-
lying physics can be demonstrated as follows. According to the
multiple-interference mechanism, PBGs in all-dielectric 1D PCs
shift toward shorter wavelengths as the incident angle increases
under both TM and TE polarizations [11–14]. Hence, the reflec-
tion phase at a fixed wavelength within the PBG decreases.
Besides, the propagating phase within the defect layer at a fixed
wavelength also decreases under both TM and TE polarizations,

since the perpendicular component of the wave vector decreases.
As a result, when the incident angle increases, the total phase
accumulated during a single round trip in a defective 1D PC at
a fixed wavelength decreases and then the wavelength satisfying
the Fabry–Perot resonance condition decreases. In other words,
defect modes will shift toward shorter wavelengths under both
TM and TE polarizations [9,10]. The polarization-insensitive
characteristic of defect modes in all-dielectric 1D PCs poses
a great challenge in achieving high-performance polarization
selectivity [9,10]. A numerical example is presented in Section
1 of Supplement 1 to confirm this phenomenon. In the past
few decades, researchers have proposed various mechanisms
to realize wide-angle polarization selectivity in microstructures
[15–21]. However, the question of how to achieve wide-angle
polarization selectivity based on defect modes in 1D PCs is still
an open problem.

Recently, hyperbolic metamaterials (HMMs) attracted great
interest since they demonstrate unique optical properties that are
not found in natural materials [22–24]. Interestingly, they can
support high-k modes, owing to their hyperbolic isofrequency
surfaces [25]. In 2014, Narimanov theoretically proposed a new
class of artificial periodic optical media called photonic hyper-
crystals [26]. Such optical media contain alternating HMMs and
dielectrics (or metals) on the subwavelength scale. Hence, they
combine the features of optical metamaterials and PCs, giving
rise to potential applications in controlling surface waves [26],
spontaneous emission [27,28], and nonlinear optical processes
[29,30]. The first experimental demonstration of photonic hyper-
crystals was reported the next year [31]. In addition, researchers
proposed a special type of 1D PC, which contains alternat-
ing HMMs and dielectrics on the wavelength scale to engineer
PBGs [32–34]. Such 1D PCs can be called 1D PCs contain-
ing HMMs (PCCHs). In particular, researchers achieved a new
class of PBG, called a redshift PBG, in 1D PCCHs under TM
polarization [35]. Fully distinctive from conventional blueshift
PBGs in all-dielectric 1D PCs, redshift PBGs in 1D PCCHs
shift toward longer wavelengths as the incident angle increases
under TM polarization. Hence, it can be expected that the reflec-
tion phase at a fixed wavelength within the redshift PBG will
increase, in contrast with the blueshift PBG. However, under TE
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Fig. 1. (a) 1D PCCH. The HMM layer is mimicked by a sub-
wavelength Si–ITO multilayer (CD)4. The whole structure can be
denoted [(CD)4B]12. (b) Two components of the effective relative
permittivity tensor of the subwavelength Si–ITO multilayer (CD)4

as a function of the wavelength. (c) Reflectance spectrum of the
structure [(CD)4B]12 as a function of the incident angle under TM
and TE polarizations.

polarization, this type of PBG is blueshifted like conventional
PBGs, giving rise to a decrease in the reflection phase at a fixed
wavelength within the PBG [35]. Such polarization-dependent
behavior of the reflection phase in 1D PCCHs offers a feasibility
to realize a polarization-sensitive defect mode.

In this Letter, we introduce a dielectric defect layer into a 1D
PCCH to realize an anomalous defect mode with polarization-
sensitive characteristic. Under TM polarization, as the incident
angle increases, the reflection phase of the 1D PCCH at a
fixed wavelength within the redshifted PBG increases, while
the propagating phase within the dielectric defect layer at a
fixed wavelength decreases. Therefore, the defect mode can be
designed to be angle-insensitive. Under TE polarization, as the
incident angle increases, the reflection phase of the 1D PCCH at
a fixed wavelength within the blueshifted PBG decreases. Hence,
the defect mode becomes blueshifted. Assisted by the designed
anomalous defect mode in the 1D PCCH, we achieve wide-angle
polarization selectivity. Our work provides a route to designing
wide-angle linear polarizers using simple 1D structures.

To realize a polarization-sensitive defect mode in a 1D PCCH,
a redshifted PBG in a 1D PCCH under TM polarization should
be designed. Now we design a redshifted PBG based on the
theory in Ref. [35]. The 1D PCCH is composed of alternating
HMM layers (A layers) and dielectric layers (B layers), as shown
schematically in Fig. 1(a). The HMM layer is mimicked by a
subwavelength silicon (Si)–indium tin oxide (ITO) multilayer
(CD)4 and the dielectric layer is a Si layer. The whole structure
can be denoted [(CD)4B]12. The refractive index of Si is 3.48
[36]. ITO is a widely used plasmonic material at near-infrared
wavelengths, whose relative permittivity can be described by
the Drude model [37]:

εD = εinf −
ω2

P

ω2 + iγω
, (1)

where εinf , ωP, ω, and γ represent the high-frequency permit-
tivity, the plasma angular frequency, the angular frequency,

and the damping angular frequency, respectively. The values of
the parameters εinf = 3.9, -hωP = 2.48 eV, and -hγ = 0.016 eV can
be fitted by experimental measurement [37]. According to the
effective medium theory, two components of the effective rela-
tive permittivity tensor of the subwavelength Si–ITO multilayer
(CD)4 can be determined by [22]

εAx = f εC + (1 − f )εD, (2)

1
εAz
=

f
εC
+

1 − f
εD

, (3)

where f = dC/(dC + dD) represents the filling ratio of the Si layer.
In our design, we choose f = 0.6. Figure 1(b) gives two compo-
nents of the effective relative permittivity tensor as a function
of the wavelength. One can see that Re(εAx) > 0 and Re(εAz)
< 0 are satisfied within the wavelength range from 990 nm to
1733 nm (so-called type-I hyperbolic region), which indicates
that the subwavelength Si–ITO multilayer (CD)4 can be viewed
as a type-I HMM layer.

It is known that the Bragg condition of the lowest-frequency
PBG can be given by [38]

Φ = (kAzdA + kBzdB)|λBrg = π, (4)

where Φ represents the propagating phase within a unit cell, kAz

(kBz) represents the z component of the wave vector within the
HMM layer (the dielectric layer), and λBrg represents the Bragg
wavelength. To obtain a redshifted PBG under TM polarization,
the following condition should be satisfied:

∂Φ

∂kx
=

(︃
∂kAz

∂kx
dA +

∂kBz

∂kx
dB

)︃|︁|︁|︁|︁
λBrg

>0, (5)

where kx represents the x component of the wave vector. After
some derivations (see Ref. [35]), we can finally obtain two ana-
lytical conditions of the thicknesses of the HMM layer and the
dielectric layer:

dA>dAmin =
λBrg

2
1√︁

Re(εAx)[1 − εB/Re(εAz)]
, (6)

dB =
(λBrg/2) −

√︁
Re(εAx)dA

√
εB

. (7)

In our design, the Bragg wavelength is set to be λBrg = 1350 nm.
From Eq. (6), we can obtain the minimum thickness of the
HMM layer, dAmin = 150.5 nm. We select the thickness of the
HMM layer, dA = 210 nm, and obtain the thickness of the dielec-
tric layer, dB = 47.1 nm, from Eq. (7). The thicknesses of the
subwavelength Si and ITO layers are dC = fdA/4= 31.5 nm and
dD = (1 – f )dA/4= 21 nm, respectively. Based on the transfer
matrix method [39], we calculate the reflectance spectrum of
the 1D PCCH [(DE)4B]12 as a function of the incident angle
under TM and TE polarizations, as shown in Fig. 1(c). The inci-
dent medium is air and the exit medium (substrate) is BK7 glass
with a refractive index of 1.515 [40]. One can see that, under
TM polarization, the PBG shifts toward longer wavelengths as
the incident angle increases. However, under TE polarization,
the PBG shifts toward shorter wavelengths as the incident angle
increases. Therefore, a redshifted PBG under TM polarization
and a blueshifted PBG under TE polarization in a 1D PCCH are
achieved.

Then, we introduce a dielectric defect layer into the designed
1D PCCH, (AB)12, to realize an anomalous defect mode with
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Fig. 2. (a) Designed 1D PCCH with dielectric defect layer. The
whole structure can be denoted (AB)6E(AB)6, where (AB)12 is the
previously designed 1D PCCH and E is a dielectric (HfO2) defect
layer. (b) Transmittance spectrum of the structure (AB)6E(AB)6 as
a function of the incident angle under TM and TE polarizations.

polarization-sensitive characteristics. As shown schematically
in Fig. 2(a), the whole structure can be denoted (AB)6E(AB)6,
where (AB)6 is the previously designed 1D PCCH and E is a
hafnium dioxide (HfO2) defect layer with a refractive index of
1.88 [41]. The HMM layer (A layer) is mimicked by the previous
Si/ITO multilayer (CD)4. To realize an angle-insensitive defect
mode under TM polarization, the thickness of the defect layer is
set as dE = 90 nm. We calculate the transmittance spectrum of the
structure (AB)6E(AB)6 as a function of the incident angle under
TM and TE polarizations, as shown in Fig. 2(b). The incident
medium is air and the exit medium (substrate) is BK7 glass. One
can see that under TM polarization, the wavelength of the defect
mode is almost unshifted (around 1319 nm) as the incident angle
increases from 0° to near 90°. However, under TE polarization,
the defect mode shifts strongly toward shorter wavelengths as
the incident angle increases from 0° to near 90°. We achieve a
polarization-sensitive defect mode in a 1D PCCH, which can be
further utilized to realize wide-angle polarization selectivity.

Next, we explain the polarization-sensitive characteristic of
the defect mode based on the Fabry–Perot resonance condition.
A defect mode will emerge when the Fabry–Perot resonance
condition is satisfied, i.e.,

φPCCH,Left + 2φE + φPCCH,Right = 2mπ(m = 0, 1, . . .). (8)

Here φPCCH,Left (φPCCH,Right) represents the reflection phase from
the defect layer to the left (right) 1D PCCH, and 2φE= 2kEzdE

represents the round-trip propagating phase within the defect
layer. The single round-trip propagating phase within the defect
layer 2φE can be further expanded as

2φE = 2kEzdE = 2k0

√︂
n2

E − sin2θ, (9)

where θ represents the incident angle. It should be noted that
the reflection phases from the defect layer to the left 1D PCCH
φPCCH,Left and to the right 1D PCCH φPCCH,Right are dependent on
the polarization while the round-trip propagating phase within
the defect layer 2φE is independent of the polarization. As shown
by the solid lines in Fig. 3, as the incident angle increases from
0° to near 90°, the single round-trip propagating phase within
the defect layer (2φE) at λ= 1318.6 nm under TM polarization
decreases from 0.513π to 0.435π. As shown by the dashed line
in Fig. 3(a), as the incident angle increases from 0° to near 90°,
the sum of the reflection phases from the defect layer to the left
1D PCCH and to the right 1D PCCH (φPCCH,Left + φPCCH,Right)
at λ= 1318.6 nm under TM polarization increases from 1.487π
to 1.546π, owing to the redshift of the PBG [see Fig. 1(c)].

Fig. 3. Phase as a function of the incident angle at the wave-
length of the defect mode (λ= 1318.6 nm) under (a) TM and (b) TE
polarizations.

Therefore, the total phase accumulated during a single round
trip (φPCCH,Left + 2φE + φPCCH,Right) at λ= 1318.6 nm under TM
polarization remains around 2π at any incident angle, as shown
by the dotted line in Fig. 3(a). In other words, the Fabry–Perot
resonance condition can be almost satisfied at λ= 1318.6 nm at
any incident angle under TM polarization, leading to an angle-
insensitive defect mode under TM polarization. However, the
situation is quite different under TE polarization. As shown by
the dashed line in Fig. 3(b), as the incident angle increases
from 0° to near 90°, the sum of the reflection phases from the
defect layer to the left 1D PCCH and to the right 1D PCCH
(φPCCH,Left + φPCCH,Right) at λ= 1318.6 nm under TE polarization
decreases from 1.487π to 1.047π, owing to the blueshift of
the PBG [see Fig. 1(c)]. Therefore, the total phase accumu-
lated during a single round trip (φPCCH,Left + 2φE + φPCCH,Right)
at λ= 1318.6 nm under TE polarization decreases from 2.000π
to 1.481π, as shown by the dotted line in Fig. 3(b). To main-
tain the Fabry–Perot resonance condition, the wavelength must
decrease. Hence, the wavelength of the defect mode becomes
blueshifted under TE polarization.

Finally, we utilize the polarization-sensitive defect mode
to realize wide-angle polarization selectivity. Figure 4(a)
gives the transmittance at the wavelength of the defect mode
(λ= 1318.6 nm) as a function of the incident angle under TM and
TE polarizations. As the incident angle increases from 0° to 72°,
the transmittance under TM polarization TTM always remains at a
relatively high level (around 0.3), since the defect mode remains
around 1318.6 nm. It should be noted that the transmittance
under TM polarization is not too high, owing to the absorption
within the HMM layers. However, as the incident angle increases
from 0°, the transmittance under TE polarization TTE rapidly
decreases since the defect mode shifts from 1318.6 nm to shorter
wavelengths. Figure 4(b) gives the corresponding polarization
selection ratio ρ=TTM/TTE. As the incident angle increases from

Fig. 4. (a) Transmittance at wavelength of defect mode
(λ= 1318.6 nm) as a function of incident angle under TM and TE
polarizations. (b) Corresponding polarization selection ratio.
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0° to near 90°, the polarization selection ratio rapidly increases
from 10° to over 3×102. Simultaneously considering the polar-
ization selection ratio and the transmittance, we define the angle
region where ρ > 10 and TTM > 0.1 as the efficient polarization
selectivity region. As shown by the shaded region in Fig. 4(a),
the efficient polarization selectivity region ranges from 33.4°
to 88.2°. The operating angle width of polarization selectiv-
ity reaches 54.8°. It should be noted that the performance of
polarization selectivity is determined by the absorption within
the HMM layers (see Section 2 of Supplement 1). The perfor-
mance of polarization selectivity would be further improved
when another epsilon-negative material with a lower loss is
fabricated in the future.

In summary, we propose an anomalous defect mode with
polarization-sensitive characteristic in a 1D PCCH. As the inci-
dent angle increases, the defect mode remains almost unshifted
under TM polarization, while strongly shifting toward shorter
wavelengths under TE polarization. Assisted by the polarization-
sensitive defect mode, we achieve wide-angle polarization
selectivity with an operating angle width up to 54.8°. These
results would be helpful for the design of high-performance
linear polarizers in liquid crystal displays [42] and Q-switched
lasers [43].
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