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g? Abstract
38 Polarizers are one of the most fundamental elementsiused in optical devices. Compared with
39 conventional prism polarizers, wire grid poldrizers have potential for the miniaturization and
40 integration of the optical devices. There are growing demands for design of the wire grid
41 polarizers operating in a very broad spectral ra?rge from deep-ultraviolet to mid-infrared
42 wavelengths. However, construction of the ultrabroadband polarizers based on the same
43 structures and materials is very challenging. Here, ultrabroadband optical polarizers working
44 in the deep-ultraviolet to mid-infrared spectral'region, based on Al nanowire metamaterials
45 with hexagonally packed nanowire arrays, are presented. To synchronously obtain high
46 extinction ratios and low insertion losses, a g factor is found, when the q factor is fixed, the
47 extinction ratio increases and the insertion loss simultaneously decreases with decreasing
48 nanowire diameter. Moreover, the cut-off wavelength of the polarizers remarkably shifts to
49 much shorter wavelength when the refractive index of the surrounding medium decreases.
g? Consequently, the polarizers demonstrate high performance operating down to the deep-
52 ultraviolet spectral-range based.on an optimal design of the Al nanowire metamaterials
53 embedded in air/by selecting a smaller diameter (e.g., 15 nm) and a suitable q factor (e.g., 2
54 or 2.5).
55 . - . . . .
56 Keywords: deep ultraviolet to mid-infrared spectral region, ultrabroadband polarizer, Al nanowire metamaterial, q factor, cut-
57 off wavelength
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1. Introduction

Polarizers that enable control the polarization state of
light, are one of the most fundamental elements used in
optical devices, such as switches, isolators, filters and
modulators. Compared with the traditional prism polarizers,
wire grid polarizers have potential for miniaturization and
integration of the optical devices, which have been widely
applied to many fields, including liquid-crystal display [1-5],
imaging [6-8], beam splitters [5,9] and Bio-detection [10].
The wire grid polarizers in the infrared [11-17] and terahertz
[18-22] spectral range have been reported widely. Recently,
the polarizing elements working at shorter wavelengths have
received growing attention. Visible wire grid polarizers can
be constructed by metal [5,23,24], semiconductor [25],
dielectric [26] wire grids. For example, a visible wire grid
polarizer has been fabricated by using a method with a
combination of nanoimprint lithography and angled metal
evaporation [5]. Recently, a wire grid polarizer composed of
solution-processed Al nanogratings with a line width of 60
nm and a height of 150 nm exhibits an average extinction
ratio of 104 and transmittance of 52.3 % in the visible
spectral range [24]. Furthermore, a highly flexible and
stretchable wire grid polarizer has been presented by printing
bottom-up grown Ge or Ge/Si core/shell hanowires on device
substrates, the maximum contrast ratio of 104 between
transverse electric and transverse magnetic fields and above
99 % of light blocking efficiency across the visible spectral
range can be achieved [25]. Based on a photonic structure
consisting of a pair of subwavelength dielectric nanewires
with anisotropic permittivity, a broadband and “highly
efficient optical polarizer working in the visible spectral
range has been designed theoretically [26]»,.0n the other
hand, the wire grid polarizers working at the degpultraviolet
wavelengths have been mainly designed by semiconductor
materials [27-29]. For instance, a titanium dioxide wire grid
polarizer based on the semiconductor absorption’ from
interband transition processes demonstrates .a superior
polarizing performance with an unprecedented extinction
ratio of 384 and a transmittance of 10:% at the deep
ultraviolet wavelengths [28]. In“addition, a silicon wire grid
polarizer with a period of 140'nm exhibits:an extinction ratio
of 90 (19.5 dB) and a transmission of 42 % at a wavelength
of 365 nm, the spectral bandwidth of /the polarizer is about
100 nm [29].

As demonstrated abovey the wire grid polarizers for the
different spectral regions can be constructed by selecting
different structures and materials, however, the working
spectral region \is narrow for the polarizing elements
designed by.one sort of /configuration. There are growing
demands for design of the wire grid polarizers covering very
broad spectral range from the deep-ultraviolet (DUV) to mid-
infrared (MIR), wavelengths. Considering the ultrabroad

spectral range, construction of the wire grid polarizers based
on the same structures and materials is very challenging. In
this paper, we propose ultrabroadband optical polarizers
based on Al nanowire metamaterials with shexagonally
packed nanowire arrays. The optical polarizers present very
strong extinction characteristics due tossthe, periodical
multilayer configuration of wire grids, when compared with
those composed of single layer structure of wire grids
reported previously. Nevertheless, the insertion_less is not
low due to the multilayer structure of the Al wire grids. So,
how to decrease the insertion losswhen the extinction ratio is
very high, is of significance. In this case, we find a key
parameter g factor to synchronously obtain high extinction
ratios and low insertion losses 4n “the Al nanowire
metamaterials, Moreover, the optical polarizers exhibit
highly efficient performance in.theswhole spectral region of
the deep-ultraviolet to mid<infrared wavelengths based on an
optimal design of the Al'nanowife metamaterials.

2. Results and discussion

2.1 Calculationiof optical losses of the Al nanowire
metamaterials

The Al “nanowire metamaterial depicted here is a
hexagonally. patked nanowire array (Figure 1), which
consists of fan ordered arrangement of Al nanowires
embedded-in a medium (e.g., alumina or air), the nanowires
with a diameter of 2a and a spacing of b are parallel to each
other. €onsider a light wave impinges on a lateral surface of
the metallic Al nanowire metamaterial at normal incidence
(Figure 1). The wave numbers k; and k, can be expressed as

k =2zn/2 and k,=2zn,/A, here A is the wavelength of the
incident wave in vacuum. n, represents the refractive index
of the medium, for the alumina as the medium, n, gradually

decreases with the wavelength in the deep ultraviolet to mid-
infrared spectral range [30], for the air as the medium, n, =1.
The optical constant n, (complex refractive index) of the
metal can be written as n, =n -ik [31], wheren,and k are the
refractive index and extinction coefficient of Al [32],
respectively. TE and TM represent TE and TM polarized
waves, their electric fields of the two incident waves,
corresponding to light polarized parallel (s-polarization) and
perpendicular (p-polarization) to the nanowire axis. The
extinction ratio (ER) and insertion loss (IL)) of the Al
nanowire metamaterial are given by

ER=(c, — ¢, )d =—(log T, —logT,) 1)
and

IL=,d =—logT, )
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Where o and «, are the optical losses per thickness of the

metamaterial, d is the thickness of the metamaterial along the
incident direction. The transmittance T, and T, through the

nanowire metamaterial for the TE and TM polarized waves
can be written as

Ts :TOSm ; Tp :TOpm (3)

m denotes the row number of the nanowires, and m = £+1,

J3o

where d is the thickness of the metamaterial along the
incident direction. T, and T, represent the transmittance

through a row of the nanowires, and we have
2, 2
TOs = |ts| ' TOp = |tp| (4)

Where t andt, are the transmission coefficient of a row of

the nanowires for TE and TM polarized waves, respectively.
In terms of Equations (1) to (4), ER and IL can be expressed
as

ER=—2m(log[t,| - loglt, ) (5)

and
IL=—2mlog |tp| (6)

Here the transmission coefficient takes the form [33]

t; :1—|:1_L771i2:| _|:1+ ik1b(770i —log 2)] )
Vs

ka

where i = s, p, n,;and n,; are two parameters dependent on

the polarization direction. Furthermore, the quantities can be
obtained by using the boundary conditions, for TE
polarization the parameters are expressedas

Jo(kya) —(k,a)J, '(k,a)log(a/ b)
Tos = 2 , (8)
(k@) Jg (kpa) 12+ (k,a)dg '(Kz2)

_Ji(ka)+(kya)d; '(kpa)

_ 9
o J; (kza) - (kya)Jy '(k,a) ®)
For TM polarization, one has
_ (a@)Jolko@)(kia)’ 3, ko) log(ralb) )
op (kpa)Jg(kya)/ 2+, '(k,a)
kpa)d (kp2) + (k@) J; '(kpa) a

e = (k,a)J; (kpa) - (kla)2 J; '(ky)

where J,, J; are Bessel functions of 0 and 1 orders, and J,, ',
J, ' correspond to their derivatives, respectively.

2a

/s
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™

Figure 1. Schematic illustration of an Al nanowire
metamaterialsconsisted of a hexagonally packed nanowire
array, the‘'nanowires are 2a in diameter and b in spacing. TE
and TMppolarized waves illuminate a lateral surface of the
metamaterialat normal incidence.

&

2.2 Diameter

polarization
metamaterials

and spacing dependence of the
properties of the Al nanowire

Figure 2 shows the optical losses with the nanowire
diameter of the Al nanowire arrays embedded in a dielectric
(e.g., alumina) when the nanowire spacing is 100 nm for a
constant thickness of the metamaterials (e.g., 10 um).
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Figure 2. Optical losses with the nanowire diameter of the Al
nanowire metamaterials for a constant spacing of 100 nm at
different wavelengths, where the black, red, green and blue solid
curves correspond the extinction ratios at the wavelengths of 1.31,
1.55, 3.00 and 8.00 um, respectively, while the black, red, green
and blue dot curves represent the insertion losses at 1.31, 1.55, 3.00
and 8.00 um. TE and TM denote the TE and TM polarized waves,
respectively.
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Here some typical wavelengths in the near infrared spectral
region, such as 1.31, 1.55, 3.00 and 8.00 um, are selected,
where 1.31 um and 1.55 um are two main wavelengths for
optical fiber communications, and 3-5 pum and 8-12 pm are
thermo imaging wavebands and thermo infrared wavelengths
for atmospheric window. The extinction ratio increases but
the insertion loss decreases as the wavelength increases from
131 pum to 8.00 pm, indicating the Al nanowire
metamaterials ~ present  much  better  polarization
characteristics at longer wavelengths. Moreover, both the
extinction ratio and insertion loss basically increase with
increasing the nanowire diameter, note that the insertion loss
increases sharply as the diameter increases, while the
extinction ratio increase slowly when the diameter is larger
than 50 nm. Since the high extinction ratio originates from
the Fresnel reflection and absorption from the Al nanowire
arrays with the periodical multilayer configuration, and the
insertion loss results from the Raleigh scattering from the
nanowire arrays [33,34], when the nanowire diameter
increases for the constant spacing of 100 nm, there is an
increasing amount of metal to reflect and absorb the incident
light for TE polarization, so the extinction ratio increases,
while, the metal with an increase in fraction contributes to
the Rayleigh scattering for the incident TM polarized light,
as a result, the insertion loss also enhances.

The optical losses with the nanowire spacing when the
diameter of the Al nanowire metamaterials is fixed to 40 nm,
are illustrated in Figure 3. It is observed that the extinction
ratio increases while the insertion loss decreases when the
wavelength increases from 1.31 um to 8.00 um, Wwhichralso
demonstrates the Al nanowire metamaterials have much
better polarization performance at longer wavelengths.

1000+ |
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Figure 3. Optical losses with the<nanowire spacing of the Al
nanowire metamaterials for’ a constant diameter of 40 nm at
different wavelengths, wherexthe black, red, green and blue solid
curves correspond the extinction ratios at the wavelengths of 1.31,
1.55, 3.00 and 8.00 um, respectively, while the black, red, green
and blue dot curves represent the insertion losses at 1.31, 1.55, 3.00
and 8.00 ym wavelengths. TE and TM represent the TE and TM
polarized waves, respectively.

Furthermore, both the extinction ratio and insertion loss
reduce when the nanowire spacing rises. This is because that
the number of the nanowire reduces with increasing the
nanowire spacing for the same irradiation area,of‘the incident
light, consequently, there is a decreasing amount of metal to
reflect and absorb the incident TE polarizeddlight, as well'as
a reduction of the Al nanowires take part in the Rayleigh
scattering for the incident TM polarizedight.

2.3 Mechanisms on modes and resonances of the Al
nanowire metamaterials for different polarized waves at
normal incidence.

Furthermore, the mechanisms on the mode and the
resonance characteristics of the, Al nanowire metamaterials
can be investigated/ in the "near field regions of the
metamaterials. Figurew=4  illustrates the electric field
distributions of the Al _nanowire metamaterials by a finite-
difference time-domain. (FDTD) method with Lumerical
package for s‘and.p polarized waves at the normal incidence,
where the simulation'domain covers an Al nanowire with an
arrangement of hexegonal lattice under the perfectly matched
layer (PML) boundary conditions in the z direction and the
periadic boundary conditions in the x and y directions. The
electric field profile E(x, z) of the Al nanowire metamaterial
exhibits a resonance behavior at the outer interface along the

a -3 20 p 5000 21
i 2500 '1:
0 0 10
0.5 -2500 In 5
( SO0 04
S0 25 0 25 50

X (nm)

(nm)

50
- .-“
I 10
0
x{nm)

Figure 4. The electric field distributions of the Al nanowire
metamaterials based on FDTD simulations, where, the nanowire
array has a diameter of 20 nm, a spacing of 100 nm and a length of
10 um, the perfectly matched layer (PML) boundary conditions in
the z direction and the periodic boundary conditions in the x and y
directions are selected in the simulation domain. (a) and (b)
represent the electric field (|E|) profiles of E(X, y) and E(x, z) when
a s-polarized light at 1550 nm wavelength illuminates the Al
nanowire array at normal incidence along y direction, where a 2D z-
normal monitor (z = 0) and a 2D y-normal monitor (y = 0) are used
to detect the electric field distributions of the nanowire
metamaterial in x-y plane and z-x plane, respectively. (c) and (d)
correspond the electric field (|E|) profiles of E(X, y) and E(x, 2)
when a p-polarized light at 1550 nm wavelength illuminates the Al
nanowire array at normal incidence along y direction.

z (nm)

S50 -25 0O 25 50

X (nm)
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long axis of the nanowires and performs a standing wave
mode for the s-polarized light with the z polarization
direction (Figure 4b). Moreover, for the p-polarized light
with the x polarization direction, very strong electric fields
localized along the x direction can be observed (Figure 4c
and 4d), which results from the electric field coupling
between the adjacent nanowires. On the other hand, the
electric fields along the x direction for a single Al nanowire
is much lower than those for the Al nanowire metamaterial
(Figure 5c¢ and 5d), indicating that the strong electric fields
are attributed to the coupling between the adjacent nanowires
for the p-polarized light along the x polarization direction
(Figure 4d). It is noted that the electric field along the x
direction for the single Al nanowire cannot present a
coupling mode (Figure 5d).

2.4 A key parameter: g factor to determine the
polarization performance of the Al nanowire
metamaterials

As demonstrated above, both the extinction ratio and
insertion loss simultaneously rise by increasing the diameter
or decreasing the spacing of the nanowires, also, the
extinction ratio and insertion loss simultaneously reduce by
decreasing the nanowire diameter or increasing the nanowire
spacing. Consider design of the optical polarizers with high
performance, what one aims for is how to achieve high
a 100

C 100

x{nm)
Figure 5. The electric field distributions,of an Al nanowire based
on FDTD simulations. Where the nanowire has a diameter of 20 nm
and a length of 10 um, the PML boundary conditions in the x, y and
z directions are used in the simulation'domain. (a) and (b) represent
the electric field (|E|) profiles of E(X, y).and E(x, z) when a s-
polarized light at 1550 nm wavelength illuminates the Al nanowire
at normal incidence@long y direction, where a 2D z-normal monitor
(z = 0) and a 2D'y-normal monitor (y = 0) are used to detect the
electric field distributions of the nanowire in x-y plane and z-x
plane, respectively. (c)»and<(d) correspond the electric field (|E])
profiles of E(x, y) and«E(X, z) when a p-polarized light at 1550 nm
wavelength illuminates the Al nanowire at normal incidence along y
direction.

xAnm )

extinction ratios and low insertion losses. Obviously, this
aim cannot be achieved by changing the diameter or the
spacing of the Al nanowire independently.
Note that the periodical multilayer Al nanewires results in
a very high extinction ratio owing to their .strong Fresnel
reflection and absorption. However, the insertion loss,is/not
low. So, how to decrease the insertion loss is challenging. To
synchronously obtain high extinction ratios and low insertion
losses in the Al nanowire metamaterials, we. find a key
parameter, which is named as q factor, the g factoris defined
as g = b/2a - 1, it represents the ratio of the:gap between two
adjacent nanowires to the diameter.of the nanowires. Figure
6 displays the diameter dependence of optical loss spectra for
different g factors (e.g., 0, 1, 2, 3, 5 and 10). For every fixed
q factor, the extinction ratio increases, and the insertion loss
decreases when the nanowire diameter reduces from 80 nm
to 20 nm.
This result illustrated above/can be explained further. As
the nanowire diameter decreases, the nanowire spacing also
reduces for those fixed g factors, which gives rise to the

increase of the.number of nanowires n (noc1/b?). It is clear
the Fresnel reflection and absorption from the Al nanowires
reduce @s the nanowire diameter decreases, but the reflection
and absorption rise when the nanowire spacing decrease
because of the increase of the nanowire number. In this case,
the » Fresnel  reflection and absorption increase with
decreasing_the nanowire diameter, because they result from
the contribution from both the decrease of the nanowire
diameter and the increase of the nanowire number,
nevertheless, the contribution from the nanowire number
may be larger than that from the nanowire diameter, as a
result, the extinction ratio increases when the nanowire
diameter decreases. On the other hand, the insertion loss
stems from the Raleigh scattering from the nanowires, which
exhibits a remarkable decline when the nanowire diameter
reduces because the Rayleigh scattering loss is proportional

to a?/A* for the same wavelengths [33].

Although higher extinction ratios and lower insertion
losses can be achieved simultaneously by fixing the g factor
and selecting a smaller nanowire diameter (e.g., 20 nm), the
q factor has a dominant influence on the polarization
performance of the Al nanowire metamaterials. Both the
extinction ratio and insertion loss remarkably reduce with
increasing the q factor from 0, 1, 2, 3, 5 to 10 for the same
diameters and the same wavelengths (Figure 6 a, b, c, d, e
and f). The q factor dependence of the optical losses at
different wavelengths can also be illustrated clearly when
selecting a constant diameter of 20 nm in Figure 7. Based on
Figure 7, the optical losses can be further analyzed
quantitatively. For the same diameter of 20 nm and the same
wavelength of 1.55 um, the extinction ratios are 819.33 dB,
248.45 dB, 111.19 dB, 59.55 dB, 23.04 dB and 5.09 dB as
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Figure 6. Optical loss spectra of the Al nanowire metamaterials with different diameters of the nanowires (e.g., 20 nm, 40 nm, 60 nm and
80 nm) for the fixed q factors. (a), (b), (c), (d), (e) and () correspond to the constant q factors of 0, 1, 2, 3, 5 and 10, respectively. TE and

TM denote the TE and TM polarized waves, respectively.

the g factors are 0, 1, 2, 3, 5 and 10, respecti@ly, while the
insertion losses are 3.86 dB, 0.54 dB,/0.18 dB, 0.03'dB and
0.01 dB when the g factors are 0, 1,42, 3,5 and 10,
respectively (Table 1). In this casef as selectingq =1, 2 or 3,
the optical polarizers exhibit excellent performances at 1.55
pum, corresponding the extinction ratio 0f,248.45 dB and the
insertion loss of 0.54 dB for g = 1, the extinction ratio of
111.19 dB and the insertion loss of 0.18 dB for q = 2, or the
extinction ratio of 59.55'dB and the«insertion loss of 0.03 dB
for g = 2. Therefore, one can design,the optical polarizers
with higher extinction ratios and lower insertion losses by
selecting a constant q factor-and a smaller diameter of the
nanowire (e.g.,(20 nm), particularly, the value of g factor
should be chosen reasonably based on the expected
performance tolerance of the polarizers. For longer
wavelengths (e.g., in\ the mid-infrared spectral region), the
polarizer presents very high extinction ratios and very low

\\’%_:T-%“\ o

g0 eee—————
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q
Figure 7. Optical losses of the Al nanowire metamaterials with the
q factor for a constant diameter of 20 nm at different wavelengths,
where the black, red, green and blue solid curves correspond the
extinction ratios at the wavelengths of 1.31, 1.55, 3.00 and 8.00 pm,
respectively, while the black, red, green and blue dash dot curves
represent the insertion losses at the wavelengths of 1.31, 1.55, 3.00
and 8.00 pm.
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38
39
40 insertion loss for almost any q factors, ‘but for shorter Table 1. Optical losses of the Al nanowire metamaterials
41 wavelengths (e.g., in the visible and ultraviolet spectral ~ embedded in alumina with the g factor for the 20 nm diameter
42 range), the q should be a suitable value (eig., 2); this case at the wavelength of 1.55 um.
43 i i i i i
s will be discussed further in the followingsection. Extinction ratio Insertion loss
45 (dB) (dB)
46 : : : w 0 819.33 3.86
47 2.5 Optimal design of the optical polarizers in the deep ' '
48 ultraviolet spectral region 1 248.45 0.54
49 Note that the extinction ratio/is smaller, and the insertion loss
50 . . 2 111.19 0.18

is larger for the ultraviolet spectral ‘range when compared

g; with that for the.infrared spectral region. Moreover, the 3 59.55 0.08
=3 dielectric materials have. a significant influence on the
oy working spectral. range ‘of the polarizers. Consider the 5 23.04 0.03
55 polarizers bywthe YAl _nanowire metamaterials with the 10 509 001
56 nanowire /diameter .of 80 nm, it is found that the cut-off ' '
57 wavelength remarkably decreases from 543 nm to 334 nm
58
59
60
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along short wavelengths with decreasing the refractive index
of the surrounding materials from 1.8 to 1.1 (Figure 8a-h).
Moreover, the cut-off wavelength for the small nanowire
diameter (e.g., 20 nm) is shorter than that for the large
nanowire diameter (e.g.,, 80 nm), that is the cut-off
wavelength reduces with decreasing the nanowire diameter
from 80 nm to 20 nm (Figure 8a). Nevertheless, the cut-off
wavelength for the small nanowire diameter of 20 nm
presents obvious blueshift from 310 nm to 198 nm when the
refractive index decreases (Figure 8i). Therefore, the Al
nanowire metamaterials embedded in the materials with
lower refractive index exhibit obvious polarization
performance at the deep-ultraviolet wavelengths when
selecting a constant q factor and a smaller nanowire
diameter.

Furthermore, one can improve the polarization properties
of the optical polarizers operating down to the deep
ultraviolet region by an optimal design of the q factor and the
diameter of the Al nanowire metamaterials embedded in air.
Figure 9 shows the optical loss spectra of the Al nanowire
metamaterials embedded in air with the suitable q factors
(e.g., 2, 2.5, 3 and 3.5) and the smaller diameters (e.g., 15
nm, 20 nm and 25 nm) in the ultraviolet and visible spectral
ranges. It is observed that the Al nanowire metamaterials
present almost the same extinction ratios but the dominantly
different insertion losses in the ultraviolet wavelength range
for the small diameters. The Al nanowire metamaterial of 15
nm in diameter exhibits much lower insertion loss at a fixed
wavelength for the constant q factors, indicating a higher
polarization performance. Table 2 and 3 illustrate the
extinction ratios and the insertion losses of the optical
polarizers with the nanowire diameter of 15 nm at«he typical
deep-ultraviolet wavelengths, the Al nanowire metamaterials
embedded in air at the wavelength of 207 nm exhibitan
obvious polarization phenomenon, but the insertion losses
are larger than that at other deep ultraviolet wavelengths for
the same q factors. Nevertheless, the nanowire metamaterials
display high polarization performance at the wavelength of
248 nm, for example, the extinction ratiovand the insertion
loss are 28.31 dB and 2.74 dB for the/q factor of 2,
respectively, the two optical losses correspond to 19.03 dB
and 1.82 dB for the g factoreof(2.5."In. addition, the Al
nanowire metamaterials display. very high performance as
optical polarizers at the 350 nm-wavelength/for instance, the
extinction ratio and the insertion losshare 53.42 dB and 1.12
dB for the q factor of 2,arespectively, they correspond to
36.68 dB and 0.74 dB for.the g factorof 2.5. As a result, the
optical polarizers demonstrate high. performance operating
down to the deep-ultraviolet wavelength, range based on the
optimal design Al _nanowire metamaterials embedded in air
by selecting the' smaller diameter (e.g., 15 nm) and the
suitable g factor (e.g., 2 or 2.5).

a
1004 g=2 : .
o / —— TE-D15
o ——TE-D20
o 10] ——AQED25
8 S5 TM=D25
| Y332 TM-D20)
® IR O, il |
g 1 RRETSESEET S,
a "“-?la:_i
®)
01 , —S —
200 250 300 350 400 4502800 5507660
Wavelength (nm)
b 100{g=2.5
) ~ _TED15
& /”_’:—_T_E—-[:;
@ 10 o —— TE-D25
9 » T™-D25
. > - ---- TM-D20
8 1 B coiad  ----TMDIS
a P SSiiIIIzizizzs.-d
@) ~==323
0.1 e , . v
200,250 300 350 400 450 500 550 600
Wavelength (nm)
c T
1001 {q=2
g y ——TE-D15
10 —— TE-D20
w -
=3 TM-D15
3 T™-D20
> -  b---TM-D25
Q. 3 sSt= < -
o) =
01 , ' y
200 250 300 350 400 450 500 550 600
Wavelength (nm)
g=3.5
d_ 10049
m -—"‘-—-—‘
= ——TE-D15
@ 10 —TE-D20
o] ——TE-D25
= -~ -~ TM-D25
8 i TM-D20
= 333as F---TMD15
e -

0.1 — —
200 250 300 350 400 450 500 550 600
Wavelength (nm)

Figure 9. Optical loss spectra of the Al nanowire metamaterials
embedded in air with different diameters (e.g., 15 nm, 20 nm and 25
nm) for the fixed q factors. (a), (b), (c) and (d) correspond to the
constant q factors of 2, 2.5, 3 and 3.5.
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Table 2. Extinction ratio (ER) of the Al nanowire metamaterials
embedded in air with the fixed q factors at the different
wavelengths of 207, 248, 300 and 350 nm.

ER (dB) ER (dB) ER(dB) ER (dB)

207 nm 248 nm 300 nm 350 nm
2 17.43 28.31 41.06 53.42
25 11.60 19.03 27.90 36.68
3 8.15 13.47 19.91 26.38
35 5.97 9.93 14.76 19.68

Table 3. Insertion loss (IL) of the Al nanowire metamaterials
embedded in air with the fixed q factors at the different
wavelengths of 207, 248, 300 and 350 nm.

IL (dB) IL (dB) IL (dB) IL (dB)

207 nm 248 nm 300 nm 350 nm
2 4.93 2.74 1.62 1.12
2.5 3.28 1.82 1.08 0.74
3 2.31 1.29 0.76 0.53
3.5 1.71 0.95 0.56 0.39

4. Conclusions

Deep-ultraviolet to mid-infrared polarizers based on Al
nanowire metamaterials with hexagonally ‘packed nanowire
arrays have been reported. It is demonstrated.that.both the
extinction ratio and insertion loss synchronously ‘rise by
increasing the diameter or decreasing the spacing of the Al
nanowires, also, the extinction ratiof'and “insertion loss
simultaneously decline by decreasing the nanowire diameter
or increasing the nanowire , spacing./Furthermore, the
mechanisms on the mode and the resonance characteristics of
the Al nanowire metamaterials_can be investigated in the
near field regions by FDTD¢simulations. The electric field
profile of the Al nanowire snetamaterial exhibits a resonance
behavior at the outer interface,along the long axis of the
nanowires and performs a standing. wave mode for the s-
polarized light. In contrast, for|the p-polarized light, very
strong electric fields,localized .along the x direction can be
observed, resulting from the electric field coupling between
the adjacent nanowires. Importantly, for the periodical
multilayer <configuration of the Al nanowires, to
synchrongusly achieve high extinction ratios and low
insertion losses, we jpropose a g factor (the ratio of the gap
between two adjaeent nanowires to the nanowire diameter) to

determine the polarization characteristics of the optical
polarizers, when the q factor is fixed, it is found that the
extinction ratio increases and the insertion loss decreases as
the nanowire diameter decreases from 80 nmyto/20 nm, as a
result, high extinction ratios and low insertion losses can be
achieved synchronously. Moreover, the .gfactor »has» a
dominant influence on the polarization performance of the Al
nanowire metamaterials, both the extinction ratioand the
insertion loss decrease with increasing the qyfactor at the
same wavelengths for the same nanowire diameters. In this
case, the value of g factor should be chosenreasonably based
on the expected performance  tolerance of the optical
polarizers, for longer wavelengths (e.g:, in the mid-infrared
spectral range), the polarizer presents very high extinction
ratios and very low insertionlosses for almost any q factors,
but for shorter wavelengths _(in the visible and ultraviolet
spectral regions), the(g should be a suitable value (e.g., 2 or
3) to achieve highfextinction ratios and low insertion losses
simultaneously. Additionally, consider the deep-ultraviolet
spectral region;, the cut-offr wavelength for the polarizers
presents obvious ‘differences for the different substrate
material. At'is found that the cut-off wavelength remarkably
decreases along short wavelengths with decreasing the
refractive “index of the material. Especially, the cut-off
wavelengthy for pthe small nanowire diameter of 20 nm
presents obvious blueshift from 310 nm to 198 nm when the
refractive index decreases. In this case, the Al nanowire
metamaterials embedded in the materials with lower
refractive index exhibit high performance at the deep-
ultraviolet wavelengths. Therefore, the high-performance
polarizers operating down to the deep-ultraviolet wavelength
range can be designed based on the optimal dimensions (e.g.,
15 nm in diameter and the g factor of 2 or 2.5) of Al
nanowire metamaterials.
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