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ABSTRACT

Polarizers are an essential optical element for tailoring the polarization state of electromagnetic waves in a wide range of optical devices.
Such polarizers, which exhibit a wide operating bandwidth and high performance, are attracting increasing attention, due to their extensive
prospects for use in applications ranging from polarization imaging, to optical communications and detection, among others. However,
achieving both broadband performance and ultra-high extinction ratio (ER), and that simultaneously, is still challenging in the design of
effective polarizers. To tackle that demand, in this work, an Au-on-silica grating structure has been proposed as the basis of the design of a
miniaturized high-efficiency polarizer that practically can cover the entire visible and near-infrared spectral ranges. The single-layer polarizer
thus designed can show an ER of 60 dB in this spectral domain, and it has been shown that the geometrical parameters selected have a
significant effect on the performance characteristics of the polarizer. Furthermore, an ER of ~150 dB could be achieved merely by regulating
the thickness of the grating to achieve the optimum performance. By integrating the high-performance polarizer proposed in this work with
an optical fiber “meta-tip,” a refractive polarizer with a value of the ER of >45 dB, and that over the entire spectral domain considered,
has been demonstrated. Such an approach offers an alternative route to achieving a broadband, powerful, and flexible processing polarizer
design.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0135669

I. INTRODUCTION

Polarization, as a key property of electromagnetic waves, plays
a crucial role in both exploring and controlling the interaction
between light and matter. Polarizers are indispensable optical ele-
ments to control the polarization properties and thus convert elec-
tromagnetic waves with random electric oscillation components
into a beam with a particular, usually known polarization, suitable
for applications where it is important to provide flexible and pre-
cise control of the polarization characteristics of a light beam. For
example, a linear polarizer device can directly generate a specific
linear polarization needed for a particular application—with such a

device having a variety of applications in polarization imaging, opti-
cal communications, optical detection, and a wide variety of other
fields."” A key feature, however, in selecting the desired polariza-
tion in any optical communication system is both the efficiency and
the bandwidth available from nanoscale linear polarizers.
Conventional polarizers mostly rely for their operation on
the birefringence of anisotropic materials'’ or nanostructures.'""”
Recent papers have discussed the various planar arrays of meta-
atoms, holes, and other structures (with a subwavelength period)
used to allow efficient selection of a particular polarization of lin-
early polarized light.”"” " To do so, a grating structure consisting
of silicon nitride, titanium dioxide, and silicon has been proposed to
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achieve a guided-mode resonance polarizer operating near a wave-
length of 1550 nm.”! An ultra-high value of the extinction ratio (ER)
of 113 dB at a single wavelength of 1550 nm”’ was obtained by use
of an asymmetric polarizer based on surface—plasmon interference.
Unfortunately, such designs of polarizers could not offer broadband
performance, and thus in attempting to improve polarizer perfor-
mance, Hemmati et al. demonstrated a silicon grating with an ER
of ~50 dB, operating over the telecommunications band, with a
bandwidth of 50 nm and using guided-mode resonance.”” Wang
et al. have fabricated a single-layer gold grid that enabled them to
realize a value of ER of 30 dB, over the near-infrared spectral range.”*
A high-efficiency resonant polarizer based on a crystalline silicon-
on-quartz material that showed an ER of 35 dB, across a bandwidth
of ~110 nm has been reported and operating in the visible region.”
Iwanaga et al. also introduced a polarizer with a II-shape structure,
composed of gold material, with an ER value of 41 dB, working the
near-infrared spectral range.”®

When compared to the different types of polarizers available
today, the fiber polarizer is more flexible and versatile for use in a
wide variety of optical system. Recently, polarizers deposed on the
end of an optical fiber or on the fiber cladding (when coated using
a nanostructure material) have drawn increasing attention.'”*’
For example, Abdullah et al. have proposed a Bragg grating-based
in-fiber polarizer, which showed an ER value of 20 dB."* Fur-
thermore, Yan et al. have reported an in-fiber linear polarizer,
designed by embedding a 45° tilted fiber grating structure in a
fiber spindle, which offered an ER value of 46 dB, at a wavelength
close to 1550 nm.” Better performance was achieved from a fiber
cladding coated with a three-layer film, consisting of an MgF, buffer
layer, chromium, and gold, allowing high-efficiency polarizer per-
formance, with an enhanced ER value of 256 dB.*® A fiber polarizer
based on a thin silver layer coating on the inner surface of two oppo-
site air holes of a large-core suspended-core fiber has been proposed
for an experimental device, achieving an ER of ~20 dB.”” However,
it can be noted that the use of nanostructured fiber polarizers in the
fibers or their cladding increase the complexity of the device fab-
rication and thus limits the range of their practical applications. In
contrast, the use of a polarizer on the surface of the fiber can be more
easily compatible with readily available processing equipment.”*” A
wideband fiber in-line polarizer, with a limited ER value, has been
demonstrated through the use of an Au nano-grid, fabricated on a
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single mode optical fiber end face,” which was reported to achieve
ER values of 20.5 and 15.6 dB at wavelengths of 1550 and 1310 nm,
respectively. Moreover, the maximum value of the ER (of ~20 dB)
was observed when the device was fabricated by milling a diffrac-
tion grating on the fiber facet—however, such a design unfortunately
does not show broadband characteristics.”” Therefore, the challenge
has been to realize a grating polarizer on the surface of a fiber, with
both a high value of the ER and simultaneous broadband capability.
To date, most of the polarizers demonstrated to suffer from a nar-
row bandwidth and a limited value of ER, as is illustrated in Table |
for a range of published data, over the period from 2017. With the
demand for polarizers in a variety of communications applications,
it is necessary to investigate high-performance broadband polariz-
ers, which demonstrate both ultra-high ER and flexible integration
with optical fibers.

In this paper, the design and performance of an Au-on-silica
grating structure, covering almost the entire visible and near-
infrared spectral range, has been introduced to create a new type
of high-efficiency, refractive linear polarizer. In this work, the value
of the ER can reach ~100 dB, as the width of the subwavelength
grating approaches its period. Furthermore, the ER can be raised
to 150 dB by increasing the thickness of the grating. In particular,
the use of optical fiber “meta-tip,” integrating the polarizer pro-
posed, exhibits an ER surpassing 45 dB, seen over the entire spectral
domain considered. Such polarizers, with a readily available single-
layer subwavelength grating and offering high performance, serve as
polarization selection components—a means ultimately to simplify
the complexity of the optical devices in which they are used, and
substantially to reduce the difficulty in processing in such systems.
This work as a result opens up a novel route to the desired goal of a
polarizer with an extremely high ER in the optical spectral range and
which could be directly integrated into an optical fiber.

Il. METHOD AND RESULTS

Grating is an easy-to-fabricate and multifunctional
nanostructure, which are known to enable polarization
selection,*'”""**’! " imaging,'” sensing," and optical focus-
ing,” for example. The single-layer subwavelength grating polarizer
deposited on a glass substrate, which is proposed in this work,
is shown in Fig. 1. The horizontal period, p, of the structure has
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TABLE |. Published data on a number of polarizers reported in the literature. D/M: dielectric/metal; S/E: simulation/experiment;
T. transmittance; and ER: extinction ratio.

Year  Reference D/M  Layer S/E  On-fiber T Bandwidth (nm)  ER(-dB)
2017 26 M 1 S No 0.6 1300-1600 -41
2019 24 M 1 S No 0.8 1000-2000 -30
2019 23 D 4 E No 0.98 1550-1600 =50
1 S No 0.9 600-700 -50

-

2020 - b 4 E No <0.7 570-680 -35
2020 19 M 2 S No 0.9 1400-1900 —42
2021 13 D 1 E Yes 0.75 1552-1557 -20
. No 834-2000 <—66
This work M 1 S Yes 0.7 649-2000 45
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FIG. 1. Schematic diagram of the polarizer design proposed in this work. The geo-
metrical parameters of the subwavelength grating are given as t = 250 nm, w =
120 nm and p = 200 nm.

been set to a value of 200 nm, with the thickness, t, and the width,
w, of the gold grating being 250 and 120 nm, respectively. The
depth of the substrate was chosen to be 200 nm. The parameters
of the gold can be modeled from the experimental data obtained.*
The refractive index of the substrate SiO, layer used was 1.4681.
The 3D full-wave numerical simulations (CST Microwave Studio)
have been used to investigate the optical properties. The periodic
boundary conditions along the x and y directions were used to
simulate an infinite structure. The open boundary was used along
the z-direction.

The dispersion coefficient spectrum obtained from the gold
grating proposed in this work is shown in Fig. 2(a) for both x- and
y-polarized light, with normal incidence. Here, T, R;, and A; repre-
sent the transmission intensity, reflection intensity, and absorption
intensity, respectively. Intuitively, the transmission intensity of the
x-polarized light will be much greater than that of the y-polarized
light where the transmission intensity of the y-polarized light is
always close to zero in the band discussed, and which can guar-
antee both broadband performance and an ultra-high value of the
ER. By contrast, the transmission intensity of the x-polarized light is
mostly >0.5, with a bandwidth of 1342 nm, and the value exceeds 0.7
across a bandwidth of 1303 nm. Figure 2(b) shows an ER value of the
gold grating polarizer, calculated by using a relationship where ER
= —10%1g (T«/T,). The value of the ER can be maintained at >20 dB

1(3)___—___ O(b)

)
S

Extinction Ratio
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FIG. 2. (a) Intensity spectra of the polarizer for the x-polarized light and y-polarized
incident light, along the forward propagation direction (the z axis). (b) ER spectrum
of the gold grating polarizer.
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over the entire wavelength band, and, in addition, a value >40 dB
can be easily realized over the wavelength band of 1335 nm, with a
>0.5 transmittance value. The maximum value of ER (61 dB) was
obtained for a wavelength of 1901 nm.

In order to further improve the performance of the gold grat-
ing polarizer proposed, it is necessary to explore the dependence
of the value of the ER on the width of the grating, w. Figure 3(a)
shows the transmission intensity with x-polarized incidence when
the width w varies from 0 to 200 nm. The overall trend seen
shows that the transmitted intensity of the x-polarized light becomes
weaker over the wavelength band considered as the width, w,
increases. However, when the value of w > 120 nm, the strong
transmission intensity bandwidth of the grating design proposed
becomes narrowed and redshifts gradually reach zero over the whole
wavelength band. The ER spectrum of the polarizer proposed, which
is shown in Fig. 3(b), is a function of the width, and the ER peak
at the longer wavelengths extends to ~100 dB, but doing so sacri-
fices the grating strength. Furthermore, the bandwidth of the larger
value of the ER expands, with increasing width, w. Figures 3(c) and
3(d) describe the transmission spectra of the x-polarized light and
the evolution of the ER, when the values of the width, w, are 60,
120, and 180 nm respectively, corresponding to the black solid, blue
dashed-dotted, and red dotted lines, respectively, in Figs. 3(a) and
3(b). When the width w has a value of 180 nm, the ER performance
will reach a maximum value (of close to 100 dB) at a wider band-
width and degrade as the width is reduced to 60 nm. Any particular
performance of the ER could be easily designed into the device, by
changing the width appropriately over the range from 0 to 200 nm.
It is worth noting that the performance of the grating polarizer
(in terms of the ER value) maintains its high selectivity and wide
bandwidth (but with unsatisfactory transmission intensity) when the
value of the width, w, is close to the period of the grating structure
proposed.

The effect of the grating height, ¢, on the transmission inten-
sity and ER performance is now considered. Figures 4(a) and 4(b)
show the dependence of the transmission intensity and the ER per-
formance, with x-polarized incidence, on the height, ¢, as it varies
from 50 to 650 nm. The transmission spectrum evolves alternately as
the height, ¢, increases, an effect that may be introduced by using a
Fabry-Pérot (F-P) resonance.””"* Besides that, a high transmission
intensity can be achieved (except for wavelengths <600 nm). There
is a hierarchical evolution of the ER performance as a function of
the grating height, ¢, over the wavelength range from 600 to 2000 nm
(which is similar to the phenomena that also exist in a reflective grat-
ing structure®”). As the value of ¢ increases, the ER peak could rise to
be close to ~150 dB within the wavelength band considered. A theo-
retical model can be used to analyze the mechanism of the enhanced
transmission, as follows. The surface plasmon polaritons (SPPs) are
seen in the inset of Fig. 4(b), which could be excited beside adjacent
unit when the following condition is met:*®

E4€m
kspp = k _ 1
spp = Koy [ s+ 1)

where ko and kg refer to the wave vector of the incident light and
the SPP, respectively. The permittivity of the metal and the dielec-
tric material can be represented by &, and ¢&;, respectively. The
wavelength of the SPP, given by Ay, can be written as follows:
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Aspp = 27/ kepp. (2)  been caused by the SPP excited by the upper end face of the grating

According to F-P resonance theory,” the distance of the
adjacent transmission peak, At, can be simplified to be

Under the above-mentioned condition, the transmission with
x-polarized incidence can be enhanced where the incident wave-
length is set to be 820 nm to explore the enhancement mechanisms.
The calculated value of A is 642 nm (At is 321 nm, in theory). The
simulated distance At is about 320 nm that can be calculated accord-
ing to the values marked by the solid blue (t = 570 nm) and orange
dots (t = 250 nm) in Fig. 4(a), which is consistent with the theo-
retical result. In order to visualize the surface plasmon polaritons
excited by the grating structure, the electric field of the grating height
t = 600 nm is given in the inset of Fig. 4(b).”**” The phenomenon has

and the air and the F-P resonance between the metal gratings.

Additionally, the bandwidth of ER can always remain broad-
band, as the gold grating height, ¢, of the proposed structure varies.
Figures 4(c) and 4(d) depict the transmission spectra of the x-
polarized light incidence and the ER evolution when the height, t,
has been given by 150, 250, and 350 nm—this corresponding to the
black solid, blue dashed-dotted, and red dotted lines, respectively [as
shown in Figs. 4(a) and 4(b)]. The trends of the transmission inten-
sity with the height, ¢, of 150, 250, and 350 nm are analogous, which
can be seen in Fig. 4(c). However, the performance of the ER value
differs (by nearly 20 dB), with the variation in height ¢ of 150, 250
and 350 nm seen in Fig. 4(d). When the height t was assumed to
be 350 nm, the value of ER obtained is >60 dB, with a bandwidth
approaching 1292 nm from 708 to 2000 nm. As can be seen, the per-
formance of the value of ER could be easily tuned by changing the
height, ¢, over the range from 50 to 650 nm.

Transmission Extinction Ratio
650 1 650 )
500 08 500 s
s 0.6g B FIG. 4. (a) Transmission spectra of the
£330 0_45350 polarizer at x-polarized incidence as a
~ 200 0 2" 200 -100 function of the subwavelength grating
: height, . (b) ER spectra of the polar-
50 0 50 -150 izer as a function of the subwavelength
500 1000 1500 2000 500 1000 1500 2000 grating height, t. (c) The transmission
Wavelength (nm) Wavelength (nm) spectra of the polarizer at the x-polarized
1 ) incidence when t is given by 150, 250
(© 1SS <) (9 and 350 nm (d) ER spectra of the polar-
0.8 ~ S £ 25 u_ izer when t is given by 150, 250 and
0.6 R ==¢=150 nm & “‘\~\ 350 nm. The thickness difference of two
~oal BT ==¢=250 nm g 30 T e adjacent transmission band can be cal-
: see =350 nm 2 .75 erv——,. culated according to the values marked
0.2 g by the blue and orange solid dots.
0 100
500 1000 1500 2000 al 500 1000 1500 2000
Wavelength (nm) Wavelength (nm)
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The effects of the incident angle, 6, and the grating period,
p» on the transmission intensity of the x-polarized incidence and
the performance of the ER are also explored here. Figures 5(a) and
5(b) show the transmission intensity and the performance of the
ER when the incident angle 6 is set to 0°, 35°, and 70° sequen-
tially. When 6 is given by 0° or 35°, the performance of the ER
can be seen to be approximately the same, but the transmission
intensity of the x-polarized light is slightly different. However, the
transmission intensity of the x-polarized light and ER performance
are all enhanced as 0 reaches 70°. In addition, high-efficiency in the
ER value, over the wavelength band considered, could be achieved.
Thus, the grating period emerges as having a distinct effect on the
transmission intensity of the x-polarized light and the ER perfor-
mance [as shown in Figs. 5(c) and 5(d)]. When the grating period
p is given by 150, 200, and 250 nm (corresponding to the black,
blue, and red solid lines), the trends of the transmission intensity
of the x-polarized light are analogous, but distinguished in terms of

7

the transmission intensity, an effect that can be seen from Fig. 5(c).
Furthermore, Fig. 5(d) shows that the ER performance varies with
the grating period p. Thus, when the grating period, p, is given
by 250 nm, an ER value of 75 dB can be obtained (at a wave-
length of 940 nm). Consequently, due to the stable broadband and
dominant ER performance, such a gold grating polarizer design
proposed here has significant potential for use in fiber-integrated
devices.

A schematic diagram of the fiber-integrated high-performance
polarizer, combined with the proposed single-layer gold grating, is
shown in Fig. 6. The gold grating period, p, has been set to be 200 nm,
and the thicknesses, t, and width, w, of the gold grating are 250 and
120 nm, respectively, which are the same geometrical parameters
as for the grating proposed earlier. The integrated grating polarizer
discussed has been based on a Corning SMF-28 single-mode fiber,
where the simulation has been carried out using the Finite Differ-
ence Time Domain (FDTD) method. The relevant parameters used

FIG. 6. Schematic diagram of the fiber
integrated polarizer. The geometrical
parameters of subwavelength grating
are the same as the geometrical para-
meters of subwavelength grating men-
tioned above. A single-mode fiber with a
core diameter of 8 um, a refractive index
of 1.4681, a fiber diameter of 125 ym,
and a fiber cladding refractive index of
1.4628 are considered here.
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in that simulation are as follows: the diameter and the refractive
index of the core are 8 ym and 1.4681, respectively, and the dia-
meter and the refractive index of the cladding is 125 ym and 1.4628,
respectively. To match as close as possible to the situation of light
transmission in the fiber, a Gaussian beam with a waist radius of
5 ym has been chosen as the light source in this instance. Compared
with the case of a gold grating covering the core only, the fiber end
face is too large (which will result in a heavy simulation calculation
load). In order to simplify the calculation, the simulation area set
here mainly concentrates in the area near the fiber core. The simula-
tion meshing lattice size is 0.02 ym. Therefore, the perfectly matched
layer boundary conditions are used along the x and y directions to
absorb unnecessary light.

The transmission spectra of the fiber-integrated grating polar-
izer, under x- and y-polarized incidence beams, are shown in
Fig. 7(a). Intuitively, the transmission intensity of the x-polarized
light is much greater than that of the y-polarized light. The trans-
mission intensity of the y-polarized light always approaches zero in
the wavelength band discussed to guarantee both broadband and
ultra-high value of the ER. Figure 7(b) similarly depicts the calcu-
lated value of the ER of the fiber-integrated gold grating polarizer,
obtained using ER = —10*1g (Tx/Ty). ER can then clearly exceed
a value of 45 dB over the entire band under consideration. The
above discussion has enabled the appropriate parameters of the
fiber-integrated polarizers that maintain both the ultra-high ER and
near full bandwidth.

I1l. CONCLUSIONS

In summary, an Au-on-silica grating structure covering prac-
tically the entire visible and near-infrared spectral range for a
miniaturized and high-efficiency polarizer has been proposed and
discussed. Based on a single layer grating, an ER of 60 dB has been
obtained over the spectral domain considered. The optimum value
of the ER can be engineered by the appropriate choice of geometri-
cal parameters, and the ER can reach a value of 100 dB, as the width
of the subwavelength grating approaches the period. It is important
to note that an ER value of ~150 dB could be realized simply by
changing the thickness of the subwavelength grating. In addition, the
fiber “meta-tip,” integrating the proposed high-performance polar-
izer, also exhibits a value of 45 dB over the entire spectral domain.
The design proposed may be easily scaled up to terahertz and other

0 \’—/\
1500 2000
Wavelength (nm)

spectral ranges. As a result, it is proposed that a grating polarizer
with ultrahigh ER over a broad bandwidth will be a promising can-
didate in the design of improved polarization selective devices, such
as spectral filters and beam splitters.
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