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In conventional all-dielectric one-dimensional photonic crystals (1DPCs), photonic gaps will shift
toward short wavelengths (blueshift) as the incident angle increases for both transverse magnetic (TM)
and transverse electric (TE) polarizations. We theoretically and experimentally achieve redshift gaps in
1DPCs composed of alternative hyperbolic metamaterials (HMMs) and dielectrics for TM polarization
based on the anomalous wavevector dispersion of HMMs. The HMM is mimicked by layered titanium
dioxide and silver with a subwavelength unit cell. However, the gaps remain to be blue-shifted for TE
polarization. Therefore, the edges of such gaps can be utilized for high-efficiency wide-angle polarization
selection. We achieve efficient polarization selection for incident angles ranging from 50° to 80° at the

wavelength of 365 nm.
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I. INTRODUCTION

Photonic crystals (PCs), artificial structures with peri-
odic modulation in the refractive index, have attracted
tremendous attention because of their tremendous num-
bers of applications in spontaneous emission control [1,2],
localization of photons [3,4], and optical circuit devices
[5-10]. They can create ranges of frequencies known as
photonic band gaps (PBGs) where light is totally reflected
by the PCs. The conventional one-dimensional photonic
crystals (1DPCs) are the simplest PCs that are composed of
two kinds of dielectrics. In 1DPCs, the propagating phase
within a unit cell depends on the incident angle. For a fixed
wavelength, both of the phases in the propagating direction
in two kinds of dielectrics will decrease as the incident
angle increases, owing to the fact that the iso-frequency
curve of the isotropic dielectric is circular. Therefore, the
PBGs will shift toward short wavelengths to maintain the
Bragg condition [11]. We call such conventional PBGs
blueshift gaps. Can we overcome this physical limitation
to realize redshift gaps?

Recent emergent metamaterials with tailored photonic
dispersions provide this possibility. In particular, one
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class of metamaterials with hyperbolic dispersion called
hyperbolic metamaterials (HMMs) possesses the ability
to manipulate the propagation properties of electromag-
netic waves. They can enhance the spontaneous decay
rate of light [12—14] and realize super-resolution imaging
[15—17] and unconventional microcavities [18-21]. Very
recently, Xue ef al. found that the anomalous wavevector
dispersion of HMMs can be used to tune the propagating
phases in 1DPCs containing HMMs and realize angle-
independent gaps (i.e., zeroshift gaps) [22,23]. In HMM
mimicked by a subwavelength metal-dielectric multilayer,
the iso-frequency curve is a hyperbola for transverse mag-
netic (TM) polarization [24,25]. Therefore, the propagat-
ing phase in HMM will increase when the incident angle
increases. If the phase variation in HMM can compensate
that in dielectric, the gap will be invariant with the incident
angles. In fact, in addition to providing a phase variation
compensation effect to realize zeroshift gaps, HMMs have
more freedom to tune the angle-dependent properties of the
gaps.

In this paper, we explore the possibilities of realizing
another kind of gap called redshift gaps in 1DPCs con-
taining layered HMMs mimicked by subwavelength metal-
dielectric stacks. This kind of gap will shift toward long
wavelengths as the incident angle increases, which is in
contrast to the conventional blueshift gaps. Different from
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using the phase variation compensation effect in Refs. [22]
and [23], we let the absolute value of the phase-variation
in HMM be larger than that in dielectric, which leads to
the redshift property of the gap edges for TM polarization.
However, it should be pointed out that the iso-frequency
curve in such a HMM is still circular for transverse elec-
tric (TE) polarization. In other words, this kind of gap
is still blueshifted for TE waves. Therefore, for different
polarizations, the gaps will shift toward opposite direc-
tions as the incident angle increases. This property can
be utilized for polarization beam selectors (PBSs) around
the wavelength of the gap edge. PBSs, which can select
TE- or TM-polarized light, have a tremendous number of
applications in Q switched lasers [26], read-write magneto-
optical data storage [27], and LCDs [28]. The well-known
physical mechanism of conventional PBSs is based on
the Brewster angle effect [29]. The reflectance for TM-
polarized light will vanish when the incident angle reaches
the Brewster angle. However, such a PBS can only work in
a narrow angle range around the Brewster angle [30]. For
example, the operating angle range of the PBS based on a
molybdenum-yttrium multilayer is about 14° [31]. Differ-
ent from conventional PBSs based on the Brewster angle
effect, our PBS can work in a broader angle range.

This paper is organized as follows. In Sec. II, we show
the theoretical analysis and derive the analytic conditions
of the redshift gap. Then, we design the 1DPC composed of
silver (Ag) and titanium dioxide (TiO;) films. The numer-
ical simulation of the redshift gap for TM polarization is
also given. In Sec. III, we fabricate the sample and exper-
imentally verify the redshift gap for TM polarization. The
blueshift gap for TE polarization and the redshift gap for
TM polarization can be utilized for efficient wide-angle
polarization selection, as is demonstrated by simulation
and experiment. Finally, the conclusion is given in Sec. I'V.

II. THEORY ANALYSIS AND NUMERICAL
SIMULATIONS

Before we study the 1DPC containing HMMs, we first
see a conventional all-dielectric IDPC denoted by (4B8)'°,
where 4 and B represent silicon dioxide (SiO;) and TiO,
with refractive indices of ny = 1.43 and ng = 2.12 [32]
and thicknesses of d; and dp, respectively. Here, we set
nydy = npdg = Ay/4, where Ly = 410.0nm is the center
wavelength of the first band gap. The incident and exit
media are air and BK7 (borosilicate crown glass with a
refractive index of 1.52), respectively. According to the
transfer matrix method [33], we calculate the reflection
spectrum as a function of incident angle for both TM and
TE waves, as shown in Fig. 1. The blue dashed lines
represent two gap edges. With the increase in the inci-
dent angle, gap edges will shift toward short wavelengths
regardless of the polarization. This blueshift phenomenon
can be explained by the Bragg condition.
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FIG. 1. Reflection spectrum of (4B)'° vs incident angle for TM
and TE polarizations. 4 and B represent SiO, and TiO, layers
with refractive indices of ny = 1.43 and np = 2.12, thicknesses
of dy = 71.7nm and dp = 48.3 nm, respectively. Blue dashed
lines represent two gap edges.

The Bragg condition of the first band gap can be given
by

® = (ka-da + kp-dp) liprege = 7> (1

where & represents the propagating phase in a unit cell,
k4, and kg, represent the z component of the wave vec-
tors in the 4 and B layers, and Apgg, denotes the Bragg
wavelength. For isotropic dielectric layers 4 and B, we
have kyp, = 2m /A, /”31(3) — sin®6. Therefore, as the inci-
dent angle 6 increases, the wavelength will become shorter
in order to maintain the Bragg condition.

Now we change the 4 layer into a type-I electric HMM
layer (g4 > 0,64, < 0,44 = 1) [25] with an anisotropic
permittivity tensor diag (€4, £4x, €4-) and deduce the ana-
lytic conditions of the redshift gap. If 9®/96 > 0, the
propagating phase @ will increase with the increase in
the incident angle for a fixed wavelength. As a result, the
Bragg wavelength App,g, Will become longer and thus there
is a redshift gap. Since 09 /96 = (0D /dk,)(dk./06) and
0k, /060 = kocos6 > 0, we only need 0¥ /dk, > 0. Next,
we differentiate Eq. (1) with respect to &, and obtain

okg,
— —d
ok, 4+ ok, B>

> 0. )

)LBragg

D 3k
dk,

For the HMM layer, the iso-frequency equations for TM
and TE waves can be expressed as [25]

ko kL
— + £ = k(z) (TM wave) and
€4z Eux 3)

K 4 k. = eqki (TE wave).

X
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FIG. 2. TIso-frequency curves of HMM and dielectric for (a)
TM and (b) TE waves. Red and green dashed lines represent
the slopes of iso-frequency curves of the HMM and dielectric,
respectively.

For the dielectric layer, the iso-frequency equations for TM
and TE waves can be written as the same expression:

K + kb, = egki (TM and TE waves). 4)

For TM polarization, the iso-frequency curves of the HMM
and dielectric are a hyperbola and a circle, as shown
in Fig. 2(a). The red and green dashed lines represent
the slopes of the iso-frequency curves of the HMM and
dielectric, respectively. We have a positive 0k, /0k, and a
negative dkg,/dk,. Therefore, the value of 0®/dk, can be
positive, zero, or negative, leading to a redshift, zeroshift,
or blueshift gap. In a previous paper (Ref. [22]), the case of
d®/0k, = 0 was discussed in detail. Here, we focus on the
case of 0®/dk, > 0. Following a detailed derivation (see
Appendix), we can finally obtain two analytical conditions
of redshift gap

)\Bragg 1

2 el — (eB/€4)]
_ O‘Bragg/z) - MdA

Then we consider the case of TE polarization. The iso-
frequency curves for the HMM and dielectric are both cir-
cles [see Fig. 2(b)], and thus result in a negative dk,,/dk;
and a negative dkp,/dk,. Hence, the sign of 0®/dk, must
be negative, leading to a blueshift gap.

Now we design the 1DPC. The HMM layer 4 is mim-
icked by a subwavelength TiO,/Ag multilayer, denoted by
(CD)S. For the isotropic dielectric layer B, we choose TiO,
because of its high refractive index in visible wavelengths
[23,32]. The whole structure is denoted by [(CD)’B]". We
choose $=2 and N =3 because a large number of Ag
layers will make the fabrication difficult. The optical con-
stants of Ag are taken from Ref. [34]. The filling ratio
of TiO, is chosen to be 0.5. According to the effective
medium theory [25], the multilayer (CD)S can be treated
as a type-l HMM in the wavelength ranging from 323.6 to

dys > = dymin and

(5)
dp
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FIG.3. Simulated reflection spectrum of [(CD)>B]? vs incident
angle for TM and TE polarizations. C and B represent TiO, lay-
ers with thicknesses of dc = 34.0nm and dg = 30.0 nm, while
D denotes a Ag layer with a thickness of dp = 34.0nm. Blue
dashed lines represent two gap edges.

412.2 nm. Here, the Bragg wavelength is set to be Aprage =
386.0nm. According to Eq. (5), dymin = 126.2nm can
be obtained. We choose the thickness of the HMM layer
dy; = 136.0nm > d nin and obtain the thickness of the
dielectric layer dp = 30.0nm. For S =2, we finally have
dc = dp = 34.0nm. Supposing that the incident and exit
media are air and BK7 (with a refractive index of 1.52),
we calculate the reflection spectrum vs incident angle for
TM and TE waves, as shown in Fig. 3. The blue dashed
lines denote two gap edges.

From the simulated results in Fig. 3, one can see that
the short-wavelength gap edge is redshifted for TM polar-
ization, while both short- and long-wavelength gap edges
are blueshifted for TE polarization, which agrees with our
theoretical prediction. Notice that the long-wavelength gap
edge does not exhibit a redshift property for TM polariza-
tion. This is due to the fact that the long-wavelength gap
edge falls outside the type-I HMM wavelength range of
(CD)5. Owing to the dispersion law of the permittivity of
silver, the type-I HMM wavelength range of (CD)® is too
narrow (from 323.6 to 412.2 nm) to simultaneously cover
two gap edges.

Interestingly, the short-wavelength gap edges for two
different polarizations will shift toward opposite directions
as the incident angle increases. For TM polarization, the
short-wavelength gap edge shifts from 355.8 to 370.5 nm
when the incident angle increases from 0° to 80°. While
for TE polarization, the short-wavelength gap edge shifts
from 355.8 to 325.0 nm. For an incident angle larger than
30°, the wavelength A = 358.0 nm falls outside the gap in
the case of TM polarization, while it falls inside the gap in
the case of TE polarization. This property can be utilized
for wide-angle polarization selection, as we will discuss in
the next section.
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III. EXPERIMENTAL MEASUREMENTS

Based on the design in Sec. II, we fabricate the corre-
sponding sample [(CD)?B]? using an ion-assisted electron-
beam evaporation process under high vacuum conditions.
Figure 4 gives the SEM image of the sample using a Nova
NanoSEM 450. The reflection spectra of the sample at dif-
ferent incident angles for TM and TE polarizations are
measured by a Perkin Elmer LAMBDA 1050 ultraviolet-
visible-near-infrared spectrophotometer with TAMS Mea-
surement System, as shown in Figs. 5(a) and 5(b), respec-
tively. The solid dot represents the reflectance dip of the
short-wavelength gap edge. The gray shadow region indi-
cates the variation region of the short-wavelength gap
edge.

From the measured reflection spectra in Figs. 5(a)
and 5(b), one can clearly see that the short-wavelength
gap edge is redshifted for TM polarization, while it
is blueshifted for TE polarization. In detail, the short-
wavelength gap edge shifts from 355.5 to 375.0 nm when
the incident angle increases from 10° to 80° for TM polar-
ization, while for TE polarization, the short-wavelength
gap edge shifts from 354.0 to 336.5 nm.

In Fig. 6, we also plot the simulated and measured short-
wavelength gap edges (determined by the reflectance dip)
as a function of the incident angle for TM and TE waves.
The black dashed line and red crosshair represent the sim-
ulated and measured gap edges, respectively. We measure
eight cases of oblique incidence in total, ranging from 10°
to 80° with a step of 10°. We can conclude that the shift
trend of the measured gap edge with the increase in the
incident angle agrees with the simulated one. However,
the wavelength of the measured gap edge slightly deviates
from the simulated one, which originates from the errors
in refractive index discrepancies between the experimen-
tal materials and the simulated data and the layer thickness
monitoring error during the deposition process.

BK7

—500 nm —————

Nova NanoSEM 450

FIG. 4. SEM image of the sample [(CD)*B]’.
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FIG. 5. Measured reflection spectra of the sample [(CD)>B]’ at
four incident angles for (a) TM and (b) TE polarizations. Solid
dot represents the reflectance dip of the short-wavelength gap
edge. Gray shadow region indicates the variation region of the
short-wavelength gap edge.

Finally, we show the polarization selection performance
of the sample. Figures 7(a) and 7(b) give the simulated
reflectances for TM and TE polarizations and the corre-
sponding polarization selection ratio p = R'E/R™ as a
function of incident angle at A = 358.0 nm. We define the
angle region in which p > 5 is the efficient polarization
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FIG. 6. Measured and simulated short-wavelength gap edges
vs incident angle for TM and TE waves.
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selection angle region. In addition, the corresponding
measured results at A = 365.0nm are given in Figs. 7(c)
and 7(d). Here, the operating wavelength for the polariza-
tion selection in our simulation is slightly different from
that in our measurement, which is induced by the differ-
ence between the simulated reflectance spectrum (Fig. 3)
and the measured reflectance spectrum (Fig. 5).

From Figs. 7(a) and 7(c), we can clearly see that the
reflectance always remains at low values for TM polar-
ization, while it increases intensively for TE polarization
with the increase in the incident angle, which leads to
a high polarization selection ratio at broad angle ranges
in Figs. 7(b) and 7(d). From our experimental measure-
ments, the efficient polarization selection angle region
ranges from 50° to 80°, indicating that our sample can be
utilized for high-efficiency wide-angle polarization selec-
tion. The highest polarization selection ratio reaches 27.6
at the incident angle of 70°. It should be pointed out that the
absorptances for TM and TE polarizations are high due to
the loss of Ag layers, which makes the transmittances low.
Therefore, it is better to utilize the sample composed of
Ag and TiO, for the reflection-type polarization selection
compared to the transmission-type one.

IV. CONCLUSIONS

In summary, we presented theoretical analysis, numer-
ical simulation, and experimental verification of red-
shift gaps in 1DPCs containing layered HMMs and

Incident angle (deg)

dielectrics for TM polarization. The redshift property of
gaps originates from the anomalous wavevector disper-
sion of HMMs. However, the gaps are still blueshifted for
TE polarization. Therefore, the edges of such gaps can
be utilized for efficient wide-angle polarization selection.
Our work provides another kind of physical mechanism to
design high-efficiency wide-angle polarization selectors.
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APPENDIX

Here we present a derivation on two conditions for a
redshift gap. For TM polarization, we rewrite Eqs. (3)

064022-5



FENG WU et al.

PHYS. REV. APPLIED 10, 064022 (2018)

and (4) as ky = koe "[1 — K2/ (e4ck3)]'? and kp. =
koe )1 — k2/(epk3)]"/?. Under the conditions of |ey|
> 1 and eg > 1, k4, and kg, can be Taylor expanded to
the first-order series, i.e.,

k2
kiz = ko /E4x (1 — Ed ) and

28Azkg

k2
kg, = kos/ 1-—. Al
B 0v€B ( 2¢ep kﬁ) (Al)
Substituting Eq. (A1) into Eq. (2), we have
d T CAz
S — (A2)

> )
dp  \/€4xEB

At normal incidence, the Bragg condition can be given by

2(\/ €axdyq + @dB) = )\Bragg~ (A3)

Combining Eq. (A2) with Eq. (A3), we finally obtain two
conditions for a redshift gap

)‘vBragg 1
d > :d min and
4 2 Jeux [1 — (83/8Az)] 4
A ra 2) — Xd
dy = Poruee/?) = eada (A4)
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