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All-metallic wide-angle metasurfaces for
multifunctional polarization manipulation

Xiaoliang Mal2, Mingbo Pul?, Xiong Lil2, Yinghui Guo! and
Xiangang Luol2*

Optical camouflage is a magical capability of animals as first noticed in 1794 by Erasmus Darwin in Zoonomia, but cur-
rent biomimetic camouflage strategies cannot be readily applied in complex environments involving multispectral and in
particular multi-polarization detection. Here we develop a plasmonic approach toward broadband infrared polarimetric
crypsis, where the polarized thermal emission near the pseudo-Brewster angle is the main signal source and no existing
polarizing camouflage technique has been discovered in nature. Based on all-metallic subwavelength structures, an
electrodynamic resistance-reduction mechanism is proposed to avoid the significant polarization-dependent infrared ab-
sorption/radiation. It is also found that the structured metal surface presents giant extrinsic anisotropy regarding the
phase shift between orthogonal polarization states, which helps to realize ultrahigh-efficiency and tunable polarization
conversion in an unprecedented manner. Finally, we note that the catenary optical theory may provide a useful means to

explain and predict these unusual performances.
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Introduction

As one of the most fundamental rules in classical optics,
the Fresnel equations, accompanied with Snell’s law, de-
termine the reflection and transmission of light incident
on an interface of two media with different refractive
indices. One important consequence of the Fresnel equa-
tions is the Brewster effect, which means the reflectivity
for the wave polarized in the plane of incidence
(p-polarization) vanishes at a particular incidence angle
(Brewster angle). The Brewster effect can be intuitively
understood by investigating the elemental dipole radia-
tion', which provides many physical insights into this
problem. In a more general sense, the modified Brewster
effect has been widely utilized to realize extraordinary
transmission and broadband angular filters®’. Since the
Brewster effect is an interface phenomenon, any modifi-
cation of the surface conditions would change the light
behavior. When a metasurface consisting of periodic or
quasi-periodic subwavelength inclusions is inserted at the

interface* "%, the Fresnel equations can be generalized to
change the reflection, refraction properties on demand®.

In the ideal case, the reflectivity of p-polarized wave at
the Brewster angle would be zero. However, in general
most materials used in optics and electromagnetics are
lossy to some extent, thus the minimum reflectivity is not
exactly zero. For strongly lossy materials such as metals,
the minimal reflectivity is often larger than 10%, thus the
corresponding angle is termed pseudo-Brewster angle'*".
Note that metal is often treated as a good reflector in
most electromagnetic spectrum, thus the reflection
minimum seems to be an “abnormal” effect. The energy
transmitting into metal would be totally absorbed since
there is no way to let them transmit if the metal thickness
is larger than the skin depth. This absorption is indeed
very strong at the infrared and visible wavelengths, where
metal could not be treated as perfect conductors as they
were in the microwave range.

The control of the polarization-dependent absorption
at pseudo-Brewster angle has great significance in infra-
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red applications such as functional devices and infrared
polarimetric detection. According to the Kirchhoff’s law'®,
the thermal emission due to blackbody radiation would
also be highly dependent on angle and polarization since
the thermal emissivity at infrared region equals to the
absorptivity. This also explains why the thermal radiation
differs from that described by Lambert’s cosine law'”. As a
result, polarimetric imaging could provide a new route
for infrared surveillance with the ability to reveal the
hidden metallic objects'.

Here we propose a concept for the design of structured
surfaces with inhibited pseudo-Brewster effect. By elimi-
nating the energy loss of surface electromagnetic wave
propagating along a structured metallic surface, we show
that both the polarimetric thermal emission and laser’s
reflection loss can be significantly reduced. Consequently,
the proposed metasurfaces will serve as an efficient way
to modify the polarization states, for either thermal in-
frared radiation or coherent laser beam.

Results and discussions

To characterize the physical principle of our design, we
first consider the Fresnel’s reflection at a lossy metal sur-
face under variant angles of incidence. Since the metal is
thick enough to absorb the transmitted light, the angle
and polarization dependent absorptivity should be:
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where A, and A, are the absorptivity for s and p polarized
waves, &nand 6 are the permittivity of the metal as well as
the incidence angle. When |¢,| is much larger than unity
and possesses negligible loss, A,is almost zero for all an-
gle of incidence. For the p-polarized light, it is
well-known that there is a special angle where the reflec-
tance is at minimum. Different from the Brewster effect
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for transparent dielectrics, the complex permittivity of
metal makes the reflectivity minimum not to be exactly
zero'. Obviously, the pseudo-Brewster’s effect is respon-
sible for the large energy loss for p-polarized light at
oblique incidence, which would be harmful to the optical
performance of omnidirectional reflectors and other re-
flective optical devices. More importantly, this polariza-
tion-dependent absorption could also lead to highly po-
larized infrared radiation at thermal equilibrium, forming
a huge obstacle for polarization camouflage against infra-
red detection”.

In a phenomenological view, the increased absorption
at the pseudo-Brewster angle is associated with the large
vertical electric fields E, above the metal surface (Fig.
1(a)), which makes the horizontal wave impedance
matched to that of metal”. To eliminate these vertical
fields, periodic metallic posts have been introduced on
the surface. As can be seen in Fig. 1(b), the posts have
intrinsic plasmonic modes propagating vertically in the
posts array*. Since the electric fields are perpendicular to
the vertical axis, E; is forced to vanish at the surface,
which helps to reduce the absorption as well as the ther-
mal emission. Interestingly, this coupled plasmonic
modes have a feature of catenary optical fields*'**, which
provides a universal and useful method for the fast calcu-
lating of the optical performance. As shown in our recent
work®, the semi-analytic description of our current
all-metallic structures is possible.

To prove the above hypothesis, a full-wave fi-
nite-element method (FEM) is adopted to solve the
Maxwell’s Equations in the structured surface rigorously™.
The results have also been compared with theoretical
model that approximate the structured surface to be an
equivalent boundary condition. As depicted in Figs. 2(a)
and 2(b), we first considered the angle-resolved reflectiv-
ity at A= 10.6 pum for both the s- and p- polarizations at a
smooth and a structured gold surfaces, respectively. The
pseudo-Brewster angle for the smooth gold surface is
about 86°, coinciding well with the large-index approxi-
mation. The p-polarized reflectivity at this angle is only
about 50%, implying a strong ohmic loss in this case. For
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Fig. 1 | (a) Electromagnetic reflection on a flat surface at the pseudo-Brewster angle. Note that the reflection minimum is related to the Zenneck
surface wave that propagates along the interface between air and a lossy smooth metal. (b) Electric field distribution at the pseudo-Brewster an-

gle for a posts array.
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Fig. 2| Theoretical analysis of the metallic grating. (a) Reflectance of s- and p-polarized light for a smooth gold plate. (b) Reflectance of s- and
p-polarized light for a gold plate decorated with subwavelength posts array. (c) Energy flow in the xz-plane when p-polarized light is incident with a
angle of 80°. (d) Schematic of the wavevector mismatching at the air-posts interface. (e) and (f) Amplitudes of the electric fields for s- and

p-polarization at 6=80°.

a periodic rectangular posts array with a period of 3 um, a
height of 1.9 pm and a width of 1.25 um, the absorption
peaks become nearly completely eliminated, while the
reflectivity for the two polarizations are the same for al-
most all angles of incidence (Fig. 2(b)).

Figure 2(c) depicts the energy flow of the p-polarized
light with an incident angle of 80°, which could provide a
visual understanding of the new boundary layer. Two
signatures should be noted in the power flow: First, there
is clear vortex flows just above the posts array; second,
only very small part of energy is directed into the gaps
between the posts. The vortex is similar to the fluid dy-
namics when the surface roughness is larger than the
molecules of fluid”, which forms a virtual boundary to
reflect light away. The small energy penetration can be
rigorously interpreted by considering the horizontal wave
vector of the electromagnetic wave. As illustrated in Fig.
2(d), the wavevector in the posts array is perpendicular to
the surface for p-polarization and presents a huge mis-
match with that of the incidence wave, leading to a dra-
matic reflection at the first interface between air and the
posts array. More precisely, the optical performance of the
posts array can be analyzed using a simple impedance
model and transfer matrix method. It is interesting to
observe that the width and period of the posts have only
small influence on the impedance. As a result, the per-
formance of the device is rather robust against fabrication
error (see Supplementary information for detail).

One fascinating property of the reflection spectra
shown in Fig. 2(b) is that the curves for the two polariza-
tions virtually overlap with each other. This can be un-
derstood from the super-symmetry of the plasmonic

modes, which is very useful in many flat optical
metasurfaces®”. Owing to the two-dimensional perio-
dicity, the surface is intrinsically independent of polariza-
tion at normal incidence. At oblique incidence, the ohmic
loss is also identical for orthogonal polarizations owing to
the symmetry of the plasmonic modes, which is depicted
in Fig. 2(e) and 2(f), for 6=80°. As can be further demon-
strated, the de-polarization effect is also a broadband
phenomenon (Fig. S1), which makes it an ideal candidate
for broadband infrared crypsis.

In our experiments, the posts array was fabricated by
triple resist technology followed by laser direct writing
and electron beam deposition (Fig. S2). The SEM image
of a sample coated with gold is shown in Fig. 3(a). The
reflectance for different incident angles and polarizations
measured by Fourier transform infrared spectroscopy
(FTIR) are shown in Figs. 3(b) and 3(c), showing good
agreement with our theoretical results. The slightly in-
creased absorption is attributed to the finite thickness and
surface roughness of the metallic coating layer. Owing to
the angle limitation of our FTIR, instead of the reflec-
tance at the pseudo-Brewster angle, only the cases at 70°
and 80° were measured.

The metallic posts array can be used to suppress the
p-polarized thermal radiation near the pseudo-Brewster
angle. We note that this directive and polarized thermal
radiation of flat metal surface have been observed by
Arago in almost two hundred years ago®, in stark con-
trast to the Lambert’s radiation law as well as the common
sense about the spatial coherence of thermal radiation®'.
It was recently realized that the Lambert’s cosine law is
only valid for perfect black body, thus nearly all
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manmade objects would have directive and polarized
emission to some extent's. For the thermal radiation of a
metal surface, the physical process can be viewed in a
different picture: the total thermal emission can be con-
sidered as the black-body radiation that transmitted from
metal to air’”. Different from the coherent thermal emis-
sion assisted by surface-phonon polaritons®, the directive
and polarized thermal emission of flat metal surface can
be ascribed to the excitation of Zenneck surface wave at
the pseudo-Brewster angle’>*.

To demonstrate the suppressed unusual thermal radia-
tion, the infrared images of a posts array (Fig. 3(d)) and a
reference plate coated with 200 nm thick chromium are
captured by an infrared polarimetric imaging system (Fig.
S3). The chromium is chosen because it has much larger
ohmic loss and more obvious thermal emission than gold.
The temperature is set to be 50 degrees centigrade, cor-

responding to black radiation centered at about A=9 um.
The measured thermal emission angle with respect to the
normal axis is near 70°. As shown in Figs. 3(e) and 3(f),
the emission intensity for the structured sample are al-
most identical for the two polarizations (see Fig. S4 for
the measured broadband spectra). Unlike the structured
sample, the flat surface has much stronger intensity for
p-polarization, which is a significant signal for infrared
target recognition.

Although there are almost no difference between the
reflectance and absorbance between the p- and
s-polarizations for all incidence angles, some relative
phase shift would occur between the two polarized com-
ponents. This can be well characterized by our impedance
model. As depicted in Fig. 4, the theoretical results agree
well with the FEM calculations at A=10.6 pm, which
indicate an increasing phase difference along with the rise
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Fig. 3| Broadband reflectance and polarimetric imaging. (a) Perspective view of the gold-sample. (b) and (c) FTIR spectra of the gold sample
for incidence angles of 70° to 80°. The p- and s-polarizations are indicated in each panel. (d) Perspective view of the chromium sample. (e) and (f)
Polarized infrared images of the chromium-sample and a reference sample for p- and s- polarizations. The strong emission at the circumference
of the sample is from the silicon dioxide substrate (the diameter of the substrate is 2.5 cm and the structured is fabricated in a square region with

a width of 1.5 cm).
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Fig. 4 | Metallic posts array acting as a reflective waveplate. (a) Reflective phase retardation at different incidence angles for s- and p-
polarizations at A=10.6 uym. The distance between the reference plane and the top of the posts array is 10 ym. The theory is based on the
effective impedance and transfer matrix method. (b) Measured ellipticity of the reflected laser beam generated by a CO; laser (A=10.6 pm).
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of incidence angle. At almost 6=56°, the phase difference
is about 90°, meaning that the corrugated surface can act
as a highly efficient reflective quarter waveplate. The po-
larization ellipticity, defined as (Imax—Imin)/ (Imax+Imin) (Imax
and I, are the maximum and minimum intensities when
rotating the polarizer), is measured at A=10.6 um for dif-
ferent incidence angle (Fig. S5). As shown in Fig. 4(b), the
ellipticity reaches the minimum of about only 1% at
6=60°. It is interesting to note that the sample is isotropic
in the xy- plane, from which one may expect that the
posts array should be highly anisotropic in the xz- and yz-
plane™. Since the anisotropy takes place only for off-axis
illumination, this polarization conversion effect is termed
extrinsic anisotropy, similar to the definition of extrinsic
chirality’®. We note that the polarizing mirror can also
operate in a broadband spectrum. By varying the angle of
incidence, the operating wavelength can be tuned from 7
pm to almost 24 um (Fig. S6).

Conclusions

In summary, the most remarkable feature of the results
shown in this paper is that the pseudo-Brewster effect can
be nearly completely eliminated, leading to significantly
reduced and non-polarized thermal emission and
providing an important means to achieve polarimetric
crypsis. This simple structure is also easy to fabricate in
large volume for practical applications. Besides the cam-
ouflage applications, we showed that the same sur-
face-relief structure can be used as a highly-efficient re-
flective mirror, which could generate circular polarization
in a broadband spectrum. Different from the anisotropic
metamirror’”*, this phenomenon might be described by
the extrinsic anisotropy and regarded as a generalization
of the Brewster’ law’.
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