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Abstract

The polarization of electromagnetic waves (the direction of transversal vibration of
its electric field vector) provides essential information about the emitting sources and
scattering objects. Its measurement, i.e., optical polarimetry, has a history of more than
200 years and has found various applications in virtually every branch of science and
technology.

Fabrication of optical metasurfaces that allow the manipulation of electromagnetic
waves with sub-wavelength scale structures has become possible thanks to the rapid
development of nanotechnology in the last 50 years. Metasurfaces have the potential of
simplifying and miniaturizing existing optical components, including polarimeters.

This thesis explores the details of a promising metasurface design for the polari-
metric measurement of light. This in-line (signal-saving) metasurface polarimeter is
based on subwavelength-spaced phased arrays of gold nanorod antennas that provide
an intensity modulation of scattered light depending on the polarization of the incident
light to measure the full Stokes vector. An analytical model of the radiation pattern
of the metasurface is presented and compared with numerical simulations. Polarime-
ters operating at telecom wavelengths have been fabricated in compact fiber-coupled
packages, comprising an ultra-thin metasurface aligned to four or six photodetectors
and characterized with high sampling rates. Non-terminating measurements of the
polarization state of light by sampling only a small part of the total light intensity have
been performed in in-plane and out-of-plane configurations. The error of the polarimeter
has been analyzed and analytical and numerical models for the systematic error are
presented.

The capacity of the miniatuarization of the metasurface polarimeter has been demon-
strated by transferring the metasurface to the facet of a single-mode near-infrared optical
fiber. To realize such a fiber-based metasurface polarimeter, a novel template stripping
transfer lithography method has been developed. The gold nanopattern is stripped
from a silicon wafer and transferred to the fiber facet by means of a UV-curable hybrid
polymer. In-line polarimetric measurement has been demonstrated by measuring the
intensity of four out-of-plane scattering orders while coupling the non-scattered light

back into an optical fiber.






Utdrattur

Skautunarastand rafsegulbylgju veitir upplysingar um uppsprettu hennar og edliseigin-
leika peirra hluta sem rafsegulbylgjan hefur vixlverkad vid. Rafsegulbylgjur & dkvednu
tidnibili kollum vid 1j6s. Melingar 4 skautunarastandi ljdss eiga sér yfir 200 dra sogu og
hafa par haft veruleg dhrif 4 flestum svidum visinda og taekni. Hin hrada préun sem 4tt
hefur sér stad 4 svidi nandtekni 4 sidustu drum hefur gert okkur kleift ad méta yfirbord
sem hafa dhrif 4 rafsegulbylgjur allt nidur 4 synilega bylgjulengdasvidid og nyta til pess
mynstur par sem minnstu einingar eru minni en ein bylgjulengd. Slik yfirbord geta m.a.
nyst til ad einfalda og smakka thluti sem notadir eru { ljéstekni 1 dag, svo sem linsur og
hvers kyns ljéssiur en einnig ljésskautunarmela.

I pessari ritgerd er rannsokud honnun yfirbords til greiningar 4 skautunarastandi
rafsegulbylgju fyrir neer-innraudar bylgjulengdir. Yfirbordid er samsett ur fylki or-
loftneta dr gulli sem hvert um sig er um fjérdungur dr bylgjulengd ad sterd. Saman
dreifa loftnetin litlum hluta 1j6ssins sem lendir 4 yfirbordinu { dkvednar stefnur, eftir pvi
hvert upprunalegt skautunarastand 1jéssins er. Med pvi ad meala ljésdreifinguna ma fa
melingu 4 Stokes-vigur ljésbylgjunnar sem lysir skautunarastandi hennar fyllilega.

Skautunarmelar ®tladir sérstaklega fyrir par bylgjulengdir 1j6ss sem nyttar eru {
lj6sleidarasamskiptatekni voru hannadir og smidadir med pad fyrir augum ad tengja pa
beint vid hefdbundna ljésleidara. Skautunarmelarnir samanstanda af 6rpunnu yfirbordi
me0d fylki loftneta og fjérum eda sex ljésnemum sem geta melt skautunardstandid 4 harri
melitidni, 4n verulegrar truflunar 4 upprunalega merkinu. Fredilegt likan af utgeislun
yfirbordsins var smidad og nidurstédur pess voru bornar saman vid tolvuhermanir.
Bornir voru saman skautunarmelar sem nyta 6likar dreifingarstefnur 1j6ssins, baedi
med reikningum og tilraunum. Melindkvemnin { skautunargreiningunni var metin
og fredileg likon préud til ad lysa kerfisbundnum meliskekkjum. Synt var fram a
moguleika 4 smaekkun ljésskautunargreinisins med pvi ad flytja mynstur loftneta yfir 4
endaflot 1jésleidara. Proud var sérstok adferd til mynsturyfirferslu af kisilskifum yfir 4
ljésleidara med hjalp sérstakra lifreenna/6lifreenna blendingsfjollida. Synt var fram 4
ad pannig megi framkvema skautunarmelingar beint 4 ljésleidaranum sjalfum an pess
ad férna melindkvemni og 4 sama tima kupla sterstum hluta ljésmerkisins aftur inn {

annan ljosleidara.
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Chapter 1
Introduction

In December of 1959, Richard Feynman gave a talk called “There’s Plenty of Room at
the Bottom” at an annual meeting of the American Physical Society at Caltech [1]. In
this famous speech he laid the foundation for the fields of micro and nanotechnology
by predicting the miniturization of computers, individual manipulation of atoms and
micromachines. He even envisioned the face/object recognition that has now become
reality through neural network algorithms in the field of computer vision. While
addressing the subject of nanoscale electronic circuits, he anticipated the research
on nanoantennas by posing the question: “Is it possible, for example, to emit light
from a whole set of antennas, like we emit radio waves from an organized set of
antennas to beam the radio programs to Europe?” Since then the development in
semiconductor electronics has been a driving force in nanotechnology, enabling large-
scale production of nano-scale structures. Technologies like electron-beam lithography,
deep UV lithography and nano-imprint lithography have given scientists the ability to
create sub-wavelength structures for operating in the visible and infrared frequency
regimes of the electromagnetic spectrum [2, 3]. The field of metamaterials where the
manipulation of electromagnetic waves with sub-wavelength structures in the micro-
wave regime had already been studied, now found new opportunities in a large range of
applications [4]. Since 3D materials are still relative difficult to fabricate, attention has
gathered around 2D metamaterials, the so-called metasurfaces. Metasurfaces get the
full benefit of recent technological advances by employing semiconductor processing
technologies to create optical nano-structures on surfaces of materials. The field of
metasurfaces is promising as it allows traditional bulk optics to be replaced with “flat
optics,” in addition to providing new functions that cannot easily be realized using
conventional optics [5-7]. Furthermore, metasurfaces can be configured to operate in

wavelength ranges where conventional optical elements are expensive or unavailable,



Chapter 1. Introduction

such as in the mid-infrared range. In the present project, engineered metasurfaces
are applied to construct a Stokes polarimeter, to perform measurements of the full
polarization state of light.

It has been speculated that the manipulation of the polarization properties of light
using birefringent materials (a material with two modes of propagation with different
refractive indices) has occured as early as the viking age, where the viking sailors might

have used Iceland spar (or calcite, see Fig. 1.1) for navigational purposes [8]. However,

Figure 1.1. Photo of a calcite crystal, demonstrating double refraction.

it was not until the late 17th century that Rasmus Bartholin discovered the phenomenon
of double refraction in Iceland spar [9]; a discovery that inspired C. Huygens to make a
wave theory of light and much later, T. Young, A. Fresnel, and finally J. C. Maxwell to
theorize the transverse nature of electromagnetic waves. The invention of polariod film
in the 1920’s presented a low-cost/high-volume alternative to calcite-based polarizers
like Nicol prisms or Glan-Thompson prisms. However, for high precision polarization
analysis, Glan-Thompson prisms are still one of the best choices because of their high
extinction ratio [10].

For hundreds of years, most optical elements like lenses and polarizers have been
fabricated using carefully polished pieces of glass or crystals and assembled in optical
systems such as cameras, microscopes and polarimeters. Metasurfaces, on the other
hand, represent an opportunity to reduce the cost, size, and complexity, not only of
polarimeters [10—12], but also of a large range of existing devices such as flat lenses [13—

15] and spectrometers [16].



1.1. Organization of this thesis

The history of polarimetry dates back to 1815 when J. B. Biot demonstrated optical
rotation in an organic material [17, 18]. A polarimeter design that is able to measure
the complete polarization of light, i.e. the full information about the polarization, was
invented in 1851 by G. G. Stokes [19]. It consists of a rotatable quarter-wave plate
followed by a linear polarizer; both elements made of crystals. Despite of the size
and cost of the crystals and the use of moving elements that affect the speed and
accuracy of the system, this type of polarimeter is still produced and dominates in
some applications. Several other methods have been demonstrated including fiber based
polarimeters [20], liquid-crystal-based polarimeters [21], and polarimeters based on
photoelastic modulators [22]. Different metasurface polarimeter designs can now be
added to this list [23-25].

The aim of the project on which this thesis is based is to gain a thorough under-
standing of the scattering properties of polarization-sorting metallic metasurfaces and
generate device designs for full Stokes vector characterization of incident light in an
in-line geometry. Furthermore, the goal is to construct and test prototype polarimeter

devices mainly for fiber-based applications.

1.1 Organization of this thesis

The outline of this thesis is as follows. In Chapter 2, the mathematical formalism and
methodologies necessary for the following chapters are provided, including Jones and
Stokes description of polarization, mathematical background for Stokes polarimetry, cal-
ibration procedure, and error propagation formulas. Chapter 3 contains an introduction
to metasurfaces and an analysis of the nanoantenna-based polarization selective meta-
surface, including the presentation of an analytical model of the radiation pattern and
numerical simulations. Chapter 4 describes the study of a parallel in-line metasurface
polarimeter, fabricated both in compact fiber-coupled packages and directly on the facet
of single-mode fibers, and measured in in-plane and out-of-plane configurations. The
conclusions of the presented work are provided in Chapter 5. The appendix presents

additional information.






Chapter 2
Introduction to polarimetry

Light is electromagnetic waves and represents a part of the electromagnetic spectrum (in-
frared, visible, ultraviolet). Electromagnetic waves consist of oscillating electrical and
magnetic fields, characterized by their amplitude (related to its intensity or brightness),
wavelength, velocity, coherence, and polarization. Measuring these characteristics is
of interest in physics and applications ranging from lighting to heat dissipation, op-
tical communication, laser cutting and surgery, optical material characterization and
countless other examples. Much attention has been directed towards measurement of
intensity and wavelength, but other properties of light are also very useful, especially
the polarimetric information, which is crucial in a large number of applications. In
materials characterization the measurement of polarization is used, e.g., to determine
film thickness and refractive index [26]; in telecommunication it is used to monitor
effects such as polarization-mode dispersion, polarization-dependent loss, and polar-
ization dependent properties of optical devices [27]; in remote sensing the polarization
information allows to distinguish between surfaces of different structures, remove clutter
and image through dust and clouds [28]; in chemistry and biotechnology, polarization is
used to measure the concentration and/or purity of optically active substances (such as
sugars and antibiotics) using angle of rotation or evanescent chiral sensing [29], or to
detect cancer or glaucoma in the human eye [30, 31]. Because of the geometric nature
of polarization, however, it is not straightforward to measure. Advancing the field of
polarimetry could therefore not only strengthen the known applications but also create

new and exciting applications for the use of polarimetric information.
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2.1 Polarization

Polarization is a property of light that describes the geometrical orientation of its electric
field oscillation. If the wave is coherent, the direction of the field will follow a linear,
circular or elliptical path in the plane perpendicular to the propagation direction of the
light. In the language of quantum mechanics, polarization is associated with the spin
angular momentum of light. A single photon can take a spin angular momentum of +#
corresponding to left/right circular polarization. All linear and elliptical polarizations
are obtained by superposition of these two states. However, the polarization of light can

be fully described classically from Maxwell’s equations.

V xE(r,t) = —uo%H(r,t) = MO%M(m) 2.1)
VxH(r,1) = EO%E(r,t) + %P(r,t) (2.2)
V.g,E(r,1) = —V-P(r,1) (2.3)
V-H(r,7) = —V-M(r,1) (2.4)

The field terms E and H are the two complementary components of the electromagnetic
wave and the polarization density P and magnetization density M are means to describe
the interaction of the electromagnetic field with matter. In a vacuum, the vectors P and
M are zero and in that case the Helmholtz equation or the eletromagnetic wave equation

can be derived from Maxwell’s equations as

2 9
V°E = —u,6,—E 2.5
Hoko o5 (2.5)
A monochromatic solution to Eq. (2.5) is
E(r,1) = E, (@ k") (2.6)

Substituting this solution back in Gauss’s law (Eq. (2.3)) it can be seen that the direction
of the electric field vector is perpendicular to the propagation direction of the wave
(k- E = 0). Therefore, if the light is propagating in the z-direction, the electric field

vector can be presented as

E(z,t) = ( E";& )d“‘”"‘ﬂ = E,cos(@t — kz)k + Ey cos(0t —kz+8)§  (2.7)
e ld

d is the relative phase shift. The column vector describing the amplitude of the field is

called the Jones polarization vector. From Eq. (2.7) it is seen that the polarization can
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be described as the superposition of two orthognal linear polarizations with amplitudes
E, and E, and a relative phase shift 6 = 6, — 0, between the x and y component. The

Jones vector in normalized form is written as

cos(y)
E=FE 2.8
0( sin(l//)e"‘S ) 8

where Ey = \/E2 +E? and y = arctan(E, /E,). The revolution of the electric field
of Eq. (2.7) describes the polarization ellipse that becomes a circle if the x and y
amplitudes are equal, E, = Ey, (equivalent to ¥ = 7r/4) and the phase shiftis § = +m/2,

or collapses to a line if the relative phase difference is zero, see Fig. 2.1).

(a) (b)

Figure 2.1. (a) [llustration of how all polarizations can be expressed as a superposition of two
orthogonal linear polazations (green and blue lines). In the top image there is a 7/2 phase shift
resulting in circular polarization. In the bottom image there is no phase shift between the blue and
green curve and the result is 45° linear polarization (from Wikimedia Commons). (b) Illustrations
of different polariation as revolution of the field electric field in 2D. From top to bottom: left-hand

circular polarization, right-hand elliptical polarization, 45° linear polarization.

The Jones description of polarization specifies the polarization directly from the

electric field and it keeps track of the overall phase. However, the Jones vector only
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describes a fully polarized wave. In order to define partially polarized light or unpo-
larized light a workaround like the coherency matrix is needed [32]. Furthermore, the
Jones vector can’t be measured directly, since the common phase information is lost
in an intensity measurement. The Stokes vector provides an alternative description
of polarization that includes both full and partial polarizations and can be measured
directly. The Stokes vector is a 4-by-1 vector that is related to intensity measurements
with an inherent averaging in time, and it is defined from the principal polarizations
as [26, 32, 33]

So I (L) + (L)

S— S _ plsi _ <IX> - <Iv> (2.9)
S» plss (Iys) — (I13s)
S3 pls3 (Ircp) — (Iicp)

where Sp-S3 are called the Stokes parameters, I is the intensity of the light beam, p is
the degree of polarization (DOP), s = (s1,s2,s3) is the normalized state of polarization,
and ps is the state of polarization (SOP). I, Iy, 145,135 are intensities measured after
a polarizer with the indicated polarizations and Ircp,I;cp are intensities measured
after a polarizer and a quarter wave-plate with the ordinary axis rotated £45° from
the transmission axis of the polarizer. In terms of Stokes parameters, the degree of

polarization of a light beam is defined as

/8% 4 82 4 82
ootz s (2.10)

p= So

where p = 0 corresponds to unpolarized light and p = 1 corresponds to fully polarized

light. Since p is a value between 0 and 1, Eq. (2.10) can be written as an inequality.

So < /82 +S3+53 2.11)

The normalized SOP is related to the Jones vector by

s cos(2y)
s=| so | = sin(2y)cos(d) (2.12)
53 sin(2y) sin(0)

The polarization state is thus fully described by the three last elements in the Stokes
vector. However, the intensity parameter (Sp) is necessary in order to distinguish
between a change in intensity or DOP for a given measurement. The consequence of

the averaging Stokes approach to describing polarization is that it is easily measured,
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2.1. Polarization

Figure 2.2. Tllustration of the Poincaré sphere which is a geometric
representation of all possible polarization states. The positions of the

principal polarization states are shown (from Wikimedia Commons).

it contains information about partial polarization, while information about absolute
phase is lost. The normalized SOP, s can be geometrically represented as a point on the
surface of a unit sphere named the Poincaré sphere, see Fig. 2.2. All linear polarizations
are represented as points on the equator, circular polarizations are at the poles and
elliptical polarization constitute the rest of the points on the Poincaré sphere. Note that
orthogonal polarizations are not perpendicular on the Poincaré sphere. Instead they are
antinodal and separated by 180°. The graphical representation of a full Stokes vector
would be a four-dimensional cone [34]. Inspired by the Poincaré sphere the polarization

is sometimes expressed in spherical coordinates with the azimuth angle

v =1, arctan(%) (2.13)

and the ellipticity

S3

\/ST+53

From Eq. (2.10) the degree of polarization is a scalar value between O and 1. A

= l/2 arctan 2.14)

monochromatic wave is fully polarized (p = 1) when all polarizations in a light beam

oscillate coherently. The light from a laser is, for example, fully polarized. Partially
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Chapter 2. Introduction to polarimetry

polarized light can be created from a laser beam if it is combined with an orthogonally
polarized copy of itself delayed by more than the coherence time [10]. Sunlight is
depolarized (p = 0), since it is completely incoherent, i.e. it has an uncorrelated phase
across a band of wavelengths. For depolarized light, a polarizer rotated to any angle will
always transmit half the incident intensity when averaged over time. The wave from
an incoherent light source, like sunlight, can be polarized by placing a polarizer in the
light path. Combining polarized incoherent light of orthogonal polarizations will result
in depolarized light, whereas the combined polarized light of orthogonal polarizations
from two monchromatic coherent light sources, like lasers, will result in a DOP of
one, as long as the polarization is measured over a time scale much shorter than the
coherence time of the lasers. This shows that the concepts of partially polarized light
and depolarized light should be taken with care, because it is a result of an averaging
which can be spectral, spatial or temporal, and therefore depends on the specific setup
used for a particular experiment.

The change of a Stokes vector S as a result of its linear interaction with a transmitting,
reflecting or scattering optical element or object like, e.g., a polarizer or a waveplate is

represented by the matrix transformation [33]

S’ =MS (2.15)

with M being the so-called Mueller matrix, a 4 x 4 real-valued matrix. The Mueller
matrix contains all the polarizing, retarding, depolarizating and absorbing properties of

the optical element.

2.2 Stokes polarimetry

Due to the 4-dimensional nature of the Stokes vector, a complete Stokes polarimeter
must perform at least four different intensity measurements. To carry out these measure-
ments, the same amount of polarization analyzers are required. A polarization analyzer
is an optical element whose intensity transmission is proportional to the content of a

certain polarization state in the incoming electromagnetic wave [33]. Assuming linearity
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2.2. Stokes polarimetry

the output intensities are related to the Stokes vector by an analyzer matrix A

I=AS=|  |[s (2.16)

where n is the number of measurements and the analyzer matrix consists of rows of
four-element vectors, a; — ayp, called analyzer vectors. The analyzer vectors contain the
polarization that the polarization analyzer selects for, i.e. the polarization with maximum
intensity, measured after the analyzer. I is an n-by-1-dimensional vector containing the
intensity measurements. The analyzer matrix can be determined through knowledge of
the physics of the given analyzer, but in most cases it is found through an experimental
procedure. Different calibration methods have been presented in literature [35-38],
some of which are specific to a particular setup. Here, a general calibration method is
used where no knowledge about the analyzers and no special order of input polarizations
is required. All that is needed for the calibration is a number of known polarizations and
the corresponding intensity measurements. Once the full analyzer matrix is determined
through a calibration procedure, the Stokes vector can be calculated simply by inverting
the analyzer matrix

S=A""I (2.17)

Equation (2.17) requires that A is a 4-by-4 matrix. If the number of measurements is

larger than 4, the inverted analyzer matrix can be obtained by taking the pseudo-inverse
S=(ATA)'ATI (2.18)

where the pseudo-inverse provides a solution that minimizes the mean-square error.
However, if the general calibration method is used, the error is minimized by omitting

the inversion of the analyzer matrix [38]
S=DI (2.19)

D can now be calculated from any set of known input polarization (S) and intensity

measurement (Z) by taking the pseudo-inverse of the intensities
D=S(Z'T) 'z (2.20)

where S and Z are 4 X n matrices, with n being the number measurements used for the

calibration. The choice of analyzer vector should be such that the linear transformation
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Chapter 2. Introduction to polarimetry

through D should have the lowest possible sensitivity to pertubations in input intensity

and calibration. This is determined by the condition number.
w(A) = [|[A7Y]]-[|All (2.21)

The lower the condition number the less sensitive Eq. (2.19) is to pertubations. It can
be shown that in case of a complete Stokes polarimeter (all four Stokes parameters are
measured) the minimum condition number for D (and A) is v/3 [34]. The minimum
condition number is obtained when the analyzer vectors span the largest possible volume
on the Poincaré sphere [35, 39]. In case of 4 polarization analyzers the analyzer vectors
would therefore span a regular tetrahedron in SOP space.

From Egs. (2.19) and (2.20) it is seen that measurements of intensities, reference
polarization measurements, and pseudoinversion contributes to the uncertainty in the
determination of the Stokes vector. The uncertainties on polarization measurements are
calculated from the general error propagation formula [40]

cov(S", ST ZD,kD pcov(I" I7") + Y 18" 18" cov(Diq, Djp) (2.22)

op

Si" is the ith parameter in the Stokes vector of the incoming light. D is still the inverse
analyzer matrix (or transformation matrix) and I°* is measured intensity. The first
contribution takes into account uncertainty in the intensity measurements of the scattered
light. The second contribution takes into account the uncertainty in the knowledge
about the analyzer matrix. The covariance matrix of I is restricted to be diagonal and
therefore equal to the variances of the intensities (cov (I, 1) = o/ (1°')2§y), since it is
assumed, for simplicity, that elements of the intensity vector are statistically independent.
The analyzer matrix is calculated as D = SZT(ZZ7)~! = SI+, where S is a number
of known Stokes vectors and Z* is the pseudoinverse of the corresponding intensity
measurements [38]. Using the general error propagation formula, the covariance matrix

of the matrix elements of the inverse analyzer matrix is given by

cov(Dgpg,Dap) = ZSakSalcov I,jb,l"" ZI+ It COV(Sams San) (2.23)
kl

where the first term takes into account the uncertainty associated with inverting the
matrix and measuring the intensities and the second term takes into account the uncer-
tainty of measuring the Stokes vectors. Since the intensity matrix Z is not square, the

covariance of Z* becomes

cov(Zyp.I,,) Zo By 8aj =By Y. TonTnj — ToL,5]
n

(2.24)

X [By' 6aj = By Y TanTmj — 5T}
m
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2.2. Stokes polarimetry

where G(I)izj is the variance of the measured intensities, B = ZZ” and § is the Kro-
necker delta. To obtain a realistic value of the covariance matrix for reference polariza-
tion measurements, an error propagation analysis similar to the one shown here would
have to be performed. Such an analysis requires details about the reference polarimeter
that are unavailable, such as its intensity measurements and knowledge of its calibration
procedure. Therefore, the covariance matrix for reference polarization measurements
can be approximated simply with the variance of a number of polarization measurements
(cov(Sum,San) = (S )ﬁm). This means that the covariance will be underestimated and
the second term in Eq. (2.23) will typically be negligible.

As stated in the beginning of the section, the practical challenge of constructing a
Stokes polarimeter is that a number of intensity measurements (a minimum of 4) must
be performed, with the same number of polarization analyzers. This can be realized in
different ways. One of the most common methods is the time-sequential approach, where
measurements are separated over time, generally employing a single photodetector.
Such polarization analysis can be carried out using mechanically rotating [41, 42] or
oscillating waveplates [21], or through photoelastic modulators [22]. Products based on
all three different approaches are commercially available. All suffer from an inherently
limited sampling rate since the measurement is spread out over time.

Another method is division-of-amplitude polarimetry, where the beam is split up
and measured simultaneously using several detectors, e.g. by employing a sequence
of beamsplitters and waveplates [35, 43]. Signal saving polarimeter designs using the
division-of-amplitude method can be realized by employing polarization state analyzers
that use only a small fraction of the incident light intensity to measure its polariza-
tion [44]. A modern-day example of this configuration is the in-line fiber polarimeter,
where two (or more) polarization-dependent tilted fiber Bragg gratings, separated by
the fiber-based equivalent of a quarter-wave plate, split off a small proportion of the
transmitted optical power to four photodetectors [20]. Some of the measurement sensi-
tivity and accuracy is sacrificed by only measuring a fraction of the signal intensity. The
division-of-amplitude method offers a higher sampling rate than the time-sequential
method, at the expense of using a larger number of optical elements separated in space.

A third method is division-of-wavefront polarimetry [12, 23, 45]. The polarime-
ter analyzes simultaneously different parts of a wavefront with separate polarization
elements, operating side-by-side. The method is suitable for imaging polarimeters. A
reduction in resolution of the detector by the number of different elements and the spatial

displacement of information within the polarization element pattern are disadvantages.
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An overview of different polarimeter configurations is given by Tyo, et al. [46]
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Chapter 3

Properties of the metasurface

3.1 Metasurfaces, general background

The electromagnetic theory of metasurfaces can be dated back to 1902, when Wood
reported his notable anomaly [47, 48] and Levi-Civita gave the boundary relations for a
metallic sheet with vanishing thickness [49]. However, it was not until the start of this
millenium that a widespread interest in metasurfaces was sparked with demonstration
of some unusual properties, like simulateneous negative or zero permeability and
permittivity [50, 51]. Ten years later, negative refraction at a metasurface was further
theorized and demonstrated at optical frequencies by the Capasso group at Harvard [52,
53] causing the field to grow rapidly.

Metasurfaces are one-dimensional thin films with properties not occurring in natural
materials or two-dimensional optical nano-structures that enable the tailoring of the
amplitude, phase or polarization of light using dense arrays of sub-wavelength scale
optical antennas [5, 54-56], see illustrations in Fig. 3.1. The metal and/or dielectric
nano-structures resonantly couple to the electric or magnetic or both components of
the incident electromagnetic fields, exhibiting novel effective electric and/or magnetic
responses. In addition to displaying interesting optical phenomena, such as negative
refraction and near-zero permittivity or permeability [50, 51, 57, 58], metasurfaces
also provide a promising platform for simplifying and miniaturizing existing optical
components [5, 59-61]. The very short optical thickness in the direction of wave
propagation can suppress undesirable optical losses by using appropriately chosen
materials and metasurface structures, while still suplying a sufficiently strong interaction
with the incident field to obtain useful functionalities.

The first demonstrated optical metasurfaces were all made of noble metal nanostruc-
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(a) (b)

() (d)

Figure 3.1. (a) Illustration of a thin-film (one-dimensional) metasurface. (b) Illustration of a
metasurface as the two-dimensional counterpart of the three-dimensional metamaterial, which
is illustrated in (c). (d) The nanorod is one example of the countless of different shapes used as

elements in a metasurface.
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tures utilizing their strong plasmonic resonant properties. Using a library of V-shaped
antennas, gradient metasurfaces were fabricated that could introduce a phase shift cov-
ering the range of 0 to 27 [52, 53]. Since every point on a wavefront is a source of
secondary wavelets as stated in the Huygens-Fresnel principle [62], the metasurface
makes it possible to create arbitrary wavefronts to obtain e.g. negative refraction or
holograms. With gap-plasmon metasurfaces the effeciency of plasmonic metasurfaces
was increased significantly [63, 64]. However, plasmonic metasurfaces are typically
operated only in reflective mode due to the high losses in the metal. Therefore, di-
electric metasurfaces were introduced to obtain high transmission effeciency, which
is important in applications like optical lenses that typically operate in transmission
mode [65-67]. Huygens metasurfaces control the electric and magnetic polarizability
to impedance-match the metasurface with the surrounding media, thereby boosting the
transmission efficiency [68, 69].

Gradient metasurfaces obtain the phase shift that allows the manipulation of a
wavefront at the metasurface either by employing the concept of resonant response [70],
or by using geometrically-induced phase shifts [71]. The former method can be realized,
for example, with a library of cylindrical nanopillars that feature a size-dependent
phase delay [72]. The latter method is based on varying antenna geometry; using the
Pancharatnam—Berry-phase, also known as geometric phase, to achieve full control of
the phase of circularly polarized incident light [73]. This can be accomplished, e.g., by
adjusting the orientation angle of nanorods or ellipses [60, 71].

Other types of metasurfaces include hyperbolic metasurfaces that appear metallic in
one direction and dielectric in the other direction [6, 74], and thin-film metasurfaces
made of ultrathin, highly absorbing materials that selectively absorb various frequency
ranges of the incident light [75].

Active metasurfaces is an area of research that has received much attention lately.
Dynamic control over the optical properties of the metasurface can be achieved by
changing the shape of the resonators or the distance between them [76-79].

Metasurfaces have been applied to demonstrate many different optical phenoma
and useful devices, including polarization manipulation [10, 53, 80, 81], polarization
detection [82—84], flat lenses [85, 86], meta-holograms [87, 88], optical vortex gen-
eration [89, 90], color filters [91], absorbers and antireflection coatings [92-94], etc.
The rapid development that the field of metasurface research has experienced is driven
not only by scientific interest, but also by industrial interest, since applications such as

mobile phones and augmented reality displays could benefit from flat optics. There are,
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however, still issues with transmission effeciency, broadband operation, and tunability
that must be improved before a large scale commercial breakthrough of metasurfaces
will come about.

The main fabrication techniques for optical metasurfaces are direct-write lithography
and pattern-transfer lithography. The most common direct-write method is photolithog-
raphy, which is widely used in the semiconductor industry [95]. It is, needless to say,
the most promising technology for optical metasurfaces because of high yield, large
area, and large volume mass production. Thanks to huge investments in development
of deep-UV technologies, photolithography has reached the resolution needed for op-
tical metasurfaces [96, 97]. However, for research purposes, high throughput is not
necessary. Therefore, another way of achieving high resolution and more versatile
equipment is requested. Particle-beam lithography suits very well for these needs [3].
Electron-beam lithography and focused-ion-beam milling are two well established parti-
cle beam methods, where the electron-beam method is the dominant approach, since
focused-ion-beam milling tends to produce rough, defect-ridden structures [74]. Probe
scanning lithography is an alternative direct-write method that employs the technique of
atomic force microscopy, but is not widely used because of its poor aspect ratio. The
electron-beam lithography method is used in this work because of its high resolution,
good pattern quality, and versatility. However, even though particle beam methods are
cheaper than deep-UV lithography, the cost of these systems are still relatively high.
Therefore, pattern transfer methods like self-assembly lithography exists as alterna-
tives to direct-write lithograhy. In self-assembly lithography a monolayer of colloidal
nanospheres are formed and transferred to a substrate, which can be used as a mask for
deposition or as a hard mask for etching [98]. Self-assembled lithography is a simple
and cheap method that can be applied to large-scale substrates, but uniformity is a
challenge and it is limited to simple periodic patterns. Nano-imprint lithography on
the other hand is not limited in regards of pattern design and it offers high resolution,
but it still has the advantages of large area fabrication and low cost [99]. Nano-imprint
lithography uses mechanical deformation to replicate nanostructures. A master mold
is pressed against a polymer-coated substrate. When the mold is detached, the poly-
mer preserves its form and the negative of the mold’s structure is transferred. The
disadvantage of the nano-imprint method is the fabrication of the mold that requires
another high resolution method like electron-beam lithography. Nano-imprint lithog-
raphy is therefore a very promising low-cost alternative to photolithography, but is

not as versatile as particle-beam lithography. There exist alternatives to direct-write
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lithography and pattern-transfer lithography. One of the most interesting alternatives is
two-photon polymerization lithography, where ultrashort laser pulses causes molecules
to polymerize once they are excited to a higher energy state by absorbing two photons
[100]. The technique has gained attention because of its flexibility in geometry and
scalable resolution. It might be a future solution to the problems of low quality that 3D

metamaterials are facing.

3.2 Polarization sensitive metasurfaces
based on nanoantenna arrays

The metasurface described in this section consists of columns of metallic nanorods
acting as phased optical antenna arrays. The antenna response is enhanced by tuning
the geometry to match the localized surface plasmon resonance of the antenna. Surface
plasmons are electron oscillations that can occur at metal-dielectric interfaces [101].
These electromagnetic surface waves arise via the coupling of electromagnetic fields
to oscillations of the conductor’s electron plasma. Localized surface plasmons are
non-propagating electromagnetic excitations in small metallic particles. Due to the
small size, such particles support resonance modes that can be excited by direct light
illumination, similar to resonant radiowave antennas. These nano-particles are therefore
often refered to as optical antennas.

In 2013 J. Lin, J. P. B. Mueller et al. presented a so-called fishbone pattern of
narrow apertures in a gold film [102]. A schematic of the pattern is shown in Fig. 3.2a.
The physics of the fishbone pattern will be explained in this chapter. The metasurface
allowed for polarization sensitive directional coupling of surface plasmon polaritons
(SPP) based on the circular polarization state of incident light. The surface plasmon
coupling was measured using near-field scanning optical microscopy. In a later article
by Mueller et al., the fishbone patterned metasurface containing gold nano-antennas on
a gold film, was used for coupling to long-range SPP waveguides [103]. This allowed
for intensity measurements and calculation of analyzer vectors. This work paved the
way to realizing a full Stokes polarimeter. In 2016, Mueller et al. presented the concept
of a metasurface-based in-line polarimeter for near-infrared wavelengths [11]. Using
a laboratory setup, it was demonstrated that all four polarization state analyzers of
a parallel polarimeter that measured the full state-of-polarization could be combined

in a single-layered array of sub-wavelength nanoantennas, complementable with the
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Figure 3.2. (a) Schematic of the fishbone pattern used for directional coupling of surface plasmon
polaritons [102]. It consists of two columns of apertures in a gold film (or gold antennas). All
antennas in each column are rotated +45° from the column axis. The distance (S) between
columns is approximately a quarter of a SPP wavelength to allow for directional coupling of
circularly polarized light. The columns are offset with half the row distance to minimize nearfield
coupling. (b) Schematic of the pattern used in a metasurface polarimeter [11]. The distance
between columns, (S), is 9/8 of a wavelength and the distance between column-pairs in the
metasurface is two wavelengths (21). (c) Schematic of a 3-column-pair metasurface showing the

direction of the incoming light (red arrow) and directions of SPPs/scattered light (blue arrows).
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apertures of the original pattern through Babinet’s principle [104], see schematic of
pattern in Fig. 3.2b. The ultra-compact design of the metasurface polarimeter, com-
bined with its non-destructive, polarization-preserving features, allows for applications
such as feedback-driven polarization generation and large-scale online polarization
monitoring in optical communication. In addition to the ultra-compact design that
allows for planar integration, the benefits of the metasurface polarimeter include a
detection-limited response time, simple and versatile design that can be tailored for
operation across a wide range of wavelengths simply by changing the dimensions of the
metasurface structure, increased robustness and reduced costs due to the replacement
of movable parts and optical components like waveplates with structures produced by
conventional lithographic process technology. In 2017, an analytical model for the
radiation pattern of the metasurface was presented as part of the present project and
in-plane and out-of-plane polarimeters were fabricated based on a new design, where
individual photodetectors are placed directly in the path of the scattered light beams
[84, 105]. The absence of optical elements between the metasurface and detectors
makes packaging easier and allows for integrating the photodetector and metasurface
on the same chip. Furthermore, artificial neural networks were used to take advantage
of the inhererent wavelength sensitivity of the metasurface to improve calibration of the
polarimeter, removing its wavelength dependence in the operating range, and extending
its functionality to work as a wavemeter [106]. Subsequently, a further step in the
miniaturization of the polarimeter was taken by demonstrating a fiber-based metasurface
polarimeter, where a new nano-transfer method using template stripping was employed
to transfer a 4-output metasurface to the facet of a single-mode fiber [107, 108]. Inspired
by the original article from 2013 [102], the fishbone design has found new applications
in other research groups such as plasmonic focusing and plasmonic vortex compounds

carrying arbitrary orbital momentum [109, 110].

3.2.1 Simulations of individual nanoantennas

Finite-difference time-domain (FDTD) simulations of the optical response of individual
gold nanorods, using the Lumerical solver FDTD Solutions (see Appendix Al), are
shown in Fig. 3.3. Figure 3.3a shows the scattering cross section, absorption cross sec-
tion, and extinction cross section of a 225 nm x 50 nm x 20 nm gold nanorod embedded
in a dielectric with n=1.535, illuminated with a plane wave that is linearly polarized

along the long axis of the rod. The plot shows a resonance peak quite close to the
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design wavelength of the polarimeter (1550 nm). The scattered power is normalized to
the source intensity obtaining the scattering cross section. Alternatively, the scattered
power could be normalized to the source power to obtain a normalized power between
0 and 1. The problem with this approach is that the gold particle bends the power flow
(the pointing vector deviates from being perpendicular to the injection plane) causing
the power to flow into the monitor from the sides, i.e. the light that interacts with the
particle has a larger cross section than the particle. The source power only accounts for
the power from the primary injection plane, i.e. the power that flows in from the sides
of the monitor is not accounted for. This can lead to non-intuitive results where the
normalized power is larger than one (indicating that the scattered power is larger than
the injected power). The scattering cross section is therefore larger than the geometrical
cross section indicating that gold is an excellent scattering object. As seen in Fig. 3.3a,
the absorption of the gold nanorod is roughly of the same magnitude as the scattering.
When electromagnetic radiation is normally incident on a metallic nanorod, the
rod can be modelled as a thin optical dipole antenna emitting radiation, as long as the
incident wavelength is within resonance and the incoming light contains a component of
polarization along the long axis of the rod. Figure 3.3b is a plot of the scattering cross
section where the polarization of the incident light is perpendicular to the nanorod. The
curve is decreasing to the fourth power of the wavelength around the design wavelength,
since the size of the short axis is within the range of Rayleigh scattering (less than 10 %
of the wavelength) [111]. Therefore, much less light is scattered for the perpendicular

polarization

Yis50mm = C;’"“""’“ — 1700 3.1)

max,0
and the nanorod can be reasonably approximated as a thin dipole. Figure 3.3c-d are plots
of the simulated scattering cross section for varying lengths and widths of the nanorod.
They show how the nanoantenna response can be modified by adjusting the relative
sizes of the antenna. For varying lengths in particularly, the power and wavelength shift

is linear around 1550 nm to a good approximation.

3.2.2 Analytical model and simulations of radiation
pattern

A graphical representation of the overall metasurface design is seen in Fig. 3.4a. The

far-field radiation pattern of a plasmonic nanoantenna with length less than a wavelength
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Figure 3.3. (a) FDTD-simulated scattering cross section versus wavelength of a single gold
nanorod (225 nm x 50nmx 20 nm) embedded in a dielectric with n=1.535, plotted together
with the absorption cross section and extinction cross section. The incident wave is polarized
parallel to the long axis of the antenna (illustrated schematically in the upper left corner). (b)
When the incident wave is polarized perpendicular to the long axis of the antenna (illustrated
schematically in the lower left corner) the scattering cross section versus wavelength of the
nanorod is four orders of magnitude smaller and can be fitted to the Rayleigh scattering law
(05 o< A™*). (c) Scattering cross section vs wavelength for varying lengths of the nanorod with
incident polarization parallel to the long axis of the nanorod. The width is 50 nm and the height is
20 nm. (d) Scattering cross section vs wavelength for varying widths of the nanorod with incident

polarization parallel to the long axis of the nanorod. The length is 225 nm and the height is 20 nm.

25



Chapter 3. Properties of the metasurface

Figure 3.4. (a) Graphical representation of the metasurface design. The metasurface consists of

columns of sub-wavelength spaced nano-antennas. The antennas in each column are rotated 90°
relative to the antennas in the neighboring column. The distance between every second column
is twice the design wavelength within the dielectric matrix, 24, and the distance between the
two arrays in a column-pair is A (14 1/8). The red antenna columns are arranged in a pattern
identical to the blue columns except from an overall 45° rotation relative to the blue antenna
columns. The height of the antennas are 2 times larger than their designed proportions for visual
purposes. (b) Geometry of a phased array with two elements with individual orientation (¢; and
@) in the xy-plane. The point of observation (P) is established by the angle 6. One antenna (n =
1) is placed at (0, 0, 0) and the other antenna (n = 2) is positioned at (0, S, 0). The direction of the
unit vectors & and 8 in Equation 3.6 is shown in the figure. Incident light is propagating parallel

to the z-axis.
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can be modelled reasonably well as a short dipole [112]. The electric field of a short

dipole antenna in the far-field is given by [113, 114]
—ikr
e

drtr

E = inkl~—F(6,¢)I 3.2)

where k = 21 /A is the angular wavenumber, / is the length of the antenna, the char-
acteristic impedance is a function of the permittivity and permeability 1 = /1 /€,
r is the distance depending on the observation point and 6, ¢ are the corresponding
angles. I is the excitation current. The angular-dependent vector F(0,¢) gives the
directional characteristics of the antenna. If the antenna is parallel to the z-axis, the
angular-dependent vector becomes cos(B)é [113]. The total electric field of an N
element antenna array along the y-axis (see Fig. 3.4b) is the sum of the electric fields of
the individual antennas, with positions r,. In the far-field 1/r, is approximated with
1/r and exp(—ikry,) with exp(—ik(r — yncos(0))), where y, is position of the antennas
on the y-axis. The electric field of multiple antennas, therefore, becomes

—ikr N —ikr

€ Z Fn(e, ¢)eikyncns(9)ln _ lnkle
n=1

drtr

E =inkl AF (3.3)

drtr

where AF is the so-called array factor that determines the radiation pattern. If identical
antennas are placed in an infinite subwavelength-spaced 1-dimensional array, the az-
imuthal radiation pattern is invariant along the array. Two parallel columns individually
oriented +45° with respect to the orientation of the columns of each array in a fishbone
pattern will scatter most efficiently two orthogonal linear polarization components of
an incident electromagnetic field [102]. Therefore, the antenna columns will emit an
interference pattern similar to the radiation pattern of a phased array with two elements.
The interference pattern depends on the polarization of the incoming wave, the orienta-
tion of the columns, and the distance between the two columns. The distance between
the two columns can be tuned to fit the phase difference between the two orthogonal
components of a preferred incoming polarization to obtain a maximum of scattered field
intensity in the directions of interest for that particular (generally elliptical) polarization
state. Defining the vector ®, = Fy, (6, qb)e”‘y"ws(e), the array factor of a two-pair column
is given by [11, 114]

AF =& + Dy (34)

where
I, = cos(@, + pi/4)cos(W) + sin(¢, + pi /4)sin(y)e'
are the excitation currents for each antenna and

q)n = |:COS(¢,1)§— Sln(¢y,)sln(9)é:| ei(”*l)kSC()s(Q)
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describes the radiation as a function of the position and spatial orientation of the n”
dipole for n = 1, 2. y and 0 describe the polarization of the incoming light using the
Jones vector model of polarization in complex number representation. y is related to
the amplitudes y = arctan(E,/E,) and § is the relative phase difference between the
x and y components of the field. The position of the first dipole (n = 1) is in (0, O,
0). S is the distance between columns and the azimuthal angle 0 is the angle in the
yz-plane between y-axis in the sample plane and the axis from the origin to the point of
measurement P. The x-axis is parallel to the column axes and ¢, is the rotation of the
n'" dipole away from the x axis in the Xy-plane normal to the incident light. % is a unit
vector parallel to the x-axis, and 0 is a unit vector in the angular tangential direction
associated to the rotation of 6.

The polarization-selective nanoantenna-array metasurface design scatters two or-
thogonal linear components of the incoming lights polarization state (|¢, — ¢;| = 90°)
and optimizes the coupling effeciency (¢, = £45°) [102]. With these restrictions the

excitation currents are reduced to
I = cos(y), I = sin(y)e'® (3.5)
and the arrray factor (equation 3.4) becomes

AF = [cos(d)l)f( - sin(¢1)sin(9)é} cos(y) +

{cos((])g))'i —sin(@,)sin(0) é] sin(yr)e!(OTkSeos(0) (30
A sketch of the geometry of an individually rotated two-element array is shown in
Fig. 3.4b and radiation patterns for 4 different input polarizations are shown in Fig. 3.5,
with two antennas embeded in a dielectric with n = 1.535 at 1550nm. S = A(1+41/8)
and ¢, = £45°, where A is the metasurface design wavelength A = Ay/n ~ 1000 nm,
when designed for an incident wavelength (in vacuum) of A9 = 1550 nm and a dielectric
matrix with refractive index n = 1.535.

The inter-antenna distance of structures modelled in Fig. 3.5, S = A(1+1/8), is de-
signed to maximize the array factor, Eq. (3.6), at 8 = 0° and 6 = 180° (in-plane output)
for elliptically polarized light with W = /4 and 6 = +x/4 (elliptically polarized light
midway between circular polarization and vertically oriented linear polarization, [102]).
It is seen that the analytical model fits very well to a FDTD simulation of two gold
antennas with dimensions of 250 nmx 50 nmx20 nm. Correcting the analytical model

for mutual coupling and parasitic antennas (see Eq. (3.1)) improves the fit even further.

2
AF =Y (Fu(0,0)Dyl, — ZF3"(6,9) D, + CF (6,9 )Dy1,) (3.7)
n=1
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3.2. Polarization sensitive metasurfaces based on nanoantenna arrays

(a) (b)
Y =n/4, 6 =n/4 Y =n/d, 6 =n/2

() (d)

Figure 3.5. Radiation patterns of two nanoantennas oriented perpendicularly to each other (+45°)
for different polarizations of the incoming light. The blue line is |AF|2 vs 0 in the yz-plane (see
Fig. 3.4b) normalized to unity using the analytical model Eq. (3.6), the red dashed line corrects
the analytical model for mutual coupling and parasitic antennas and the green line is |E |2 vs 6
normalized to unity using a finite-difference time-domain (FDTD) simulation. (a) is elliptically
polarized light with (y,8) = (/4,7 /4), (b) is circularly polarized light, (c) is linearly polarized
light at 45°, and (d) is vertically polarized light.
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The second term in the summation is correcting the analytical model (the first term in the
summation) for mutual coupling. The third term corrects for parasitic antennas. I{" =
b, I = I, and the same rule applies for F™ut(9 ¢). Z, the mutual impedance [113],
is a complex number, whereas C is a real constant. D,, = ¢*c25(®) The fit of elliptical
and circular polarizations (Figs. 3.5a and 3.5b) is improved by subtracting an empirical
correction to the summation in Eq. 3.7, Z,Fy(6,¢)D,I'™". The radiation pattern is
left/right asymmetric for all elliptical and circular polarizations, as a result of the
difference in phase between the two linear orthogonal components of the incoming
light’s polarization state. The asymmetry observed in Fig. 3.5¢ shows the effect of
the mutual coupling and that the dipole approximation is not perfect, i.e. the non-zero
scattered field from the antenna, which is oriented perpendicular to the polarization
of the incident light, causes a disturbance in farfield radiation pattern compared to the
analytically calculated pattern that assumes a perfect dipole.

The polarization for which the measured power of a given scattered field output
channel (proportional to |AF|?) is maximal corresponds to the analyzer vector. At
0 = 0° or 8 = 180° the second term in ®,, vanishes and a signal contrast of 100 % on
each detector is possible. In the case where 6 is 60° or 120°, ®; and ®; in Eq. (3.6)
will no longer be equal and a theoretical polarization-dependent contrast of only 25 %
of the overall signal is possible. Light scattered into the in-plane orders contains only
a field component in the x-direction. This is illustrated with a FDTD simulation in
Fig. 3.6a showing a plot of the electric field from one antenna column, where it is seen
that Ey and E; die out in the farfield (in accordance with the results in [11] using a dipole
approximation). In out-of-plane orders on the other hand, as a result of the perpendicu-
larly oriented antennas, scattered light contains both x and 6-components that cancels
out the polarization-dependent intensity variation because the polarization dependent
interference of the two components is completely opposite (maximum intensities occur
at orthogonal incoming polarizations for the two scattered polarization components).
Figure 3.6b is an FDTD simulation of the scattered electric field from one column in
the direction parallel to the incoming beam. It shows that light is scattered into two
orthogonal polarizations with a relative phase shift of 180°. Since there is no phase shift
for the orthogonal antenna (Fig. 3.6¢) the interference between the two antenna-columns
of the two orthogonal polarizations in the metasurface is changed causing the cancelling
out of the signal. In the cases plotted in Fig. 3.6b and ¢ when 0 is 90°, the amplitudes
of the E, field and the E, field are equal which leads to a signal contrast in this order of

0 %, which means that the intensity of the light scattered in this direction is completely
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3.2. Polarization sensitive metasurfaces based on nanoantenna arrays

independent of the polarization of the incoming light.

Instead of explaining the signal contrast from Eq. (3.6), the same conclusion can
be obtained from a pure geometrical point of view. We know that the scattered field
from a short dipole in the farfield is perpendicular to the direction of propagation
and perpendicular to the azimuthal direction (which means that there is only a vector
component in the polar direction). Therefore, the scattered fields from the two dipoles
are parallel for in-plane orders and signal contrast is 100 % because the complete field
of each dipole is allowed to intefere. However, as 0 is increased, the direction of the
electric fields is splitting and an increasing fraction of the field is mutually perpendicular,
until the direction of the scattered fields of the two dipoles are completely perpendicular
at 0 = 90°. Since orthogonally-polarized waves can not interfere, there will be no
variation of the scattered field intensity with incoming polarization and the signal
contrast vanishes.

Repeating the column-pairs in an array of 2N + 1 elements with a period of d = 24
will form a meta-grating that covers a larger area and results in a highly directional
intensity distribution. To account for the repeated column-pairs the array factor is
multiplied with [11]

Gy = i pinkdcos() (3.8)

n=—N

In our case, the interesting angles for measurement are the first and second orders
of the grating, corresponding to azimuthal angles 8 in the yz-plane (see Fig. 3.4) of
0°, 180° and 60°, 120°, as illustrated in Fig. 3.7. Figure 3.7a is a plot that shows
FDTD simulations, plotted at different wavelengths, of a full metasurface containing
five column-pairs and the same distance S and antenna dimensions as in Fig. 3.5.
Equation 3.8 is plotted in Fig. 3.7b at different wavelengths and shows the effect of
the meta-grating alone. The plot illustrates that the meta-grating is responsible for
a difference in sensitivity to wavelength fluctuations between the in-plane and the
out-of-plane design.

The four analyzer vectors in the analyzer matrix are defined in a manner analogous
to Stokes vectors and they form a basis for the SOP space. If detectors for intensity
measurements are placed in the xy-plane at the four angles of the two grating orders
mentioned above the basis will be incomplete and, theoretically, it will not be possible
to measure the full SOP. The position of all analyzer vectors will remain in the S1-S3
plane and there will be no vector component in the S2 direction. This is illustrated
in Fig. 3.8a with § = A (1 + 1/8). Furthermore, a complete polarimeter that measures

the intensity and SOP as well as the DOP needs to have analyzer vectors that span a
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Figure 3.6. FDTD simulations of electric field versus distance for one column of antennas. The
incoming light is vertically polarized (along the x-axis). (a) The electric field scattered in the
direction of the y-axis (in the plane of the sample). The antennas are rotated -45° from the x-axis.
(b) The electric field scattered in the direction of the z-axis (the direction of the incoming light)
for antennas rotated -45° from the x-axis. (c) The electric field scattered in the direction of the

z-axis (the direction of the incoming light) for antennas rotated 45° from the x-axis.
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(a) (b)

IEI2 vs 6 in YZ plane ——1646 nm IGNI2 vs finYZplane |——1450nm
——1618 nm ——1500 nm
——1553 nm
——1522 nm
1488 nm

150° - ) 30°
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S |———1650 nm
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0° ] = 0°
) “ /
210° N 330°
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Figure 3.7. (a) Wavelength dependence of the FDTD simulated radiation pattern, |E|? versus
0 in the yz-plane, of a metasurface consisting of five column-pairs of +45°-oriented antennas.
Incoming light is elliptically polarized with (y,8) = (n/4,7n/4). (b) Diffraction pattern of a
meta-grating with N = 2 and d = 22 using Eq. (3.8), |Gy|? versus 6 in the yz-plane, plotted
versus different wavelengths. Equation (3.8) isolates the meta-grating’s contribution to the array

factor.

33



Chapter 3. Properties of the metasurface

volume in SOP space [11]. All possible polarizations described by the Stokes vector
are contained within a four-dimensional cone (see equation 2.11). In each of the 3-
dimensional “planes” along the Sy axis of the cone is a Poincaré sphere with maximum
at So and minimum at zero (when p = 0). If the analyzer vectors only span a plane,
it will not be possible to distinguish between polarizations on the two spheres with
same radius but different p and Sy parameter (these geometrical considerations might
be easier in a three-dimensional case (a 3D cone) where only linear polarizations are
taken into account).

Both of these problems are solved by superimposing another column-pair grating
at a 45° angle relative to the first. A distance of S = A(1+ 1/4) and an out-of-plane
measurement of the first column-pair grating would theoretically result in an analyzer
vector with two elliptically polarized states, (y,8) = (n/4,+£37/4). Measuring the
second column-pair at 0° and 60° would produce an analyzer vector with a circularly
polarized state (y,8) = (n/4,7/2), and another with an elliptically polarized state
(v,0) = (m/4,—37m/4), see Fig. 3.8b.

A different way to allow the full SOP measurement that does not require superim-
posing a rotated column-pair grating would be to break the symmetry. This can be done
either by introducing a third column or by changing the orientation of the antennas
in one of the columns so that they are no longer orthogonal to the orientation of the
antennas in the other column. Figure 3.9 shows a schematic of antennas oriented ¢; = 0
and ¢, = m/4 and a plot of the corresponding analyzer vector positions if S = 1.24.
The same result can be obtained by adding a third antenna to the symmetric design at
the same position as the antenna with n = 1, but rotated 90° with respect to the first
antenna (¢3 = 7/4). The disadvantages of this method are that the coupling efficiencies
are not equal, the metasurface is more sensitive to mutual coupling at certain polariza-
tions (Fig. 3.9c) and that the analyzer vectors still do not theoretically form the basis
for a complete polarimeter, since they do not span a volume on the Poincaré sphere.
Out-of-plane and in-plane measurements, however, come with different traits, so in the

following we will, for simplicity, focus only on purely in-plane or out-of-plane designs.

3.2.3 Properties of the metasurface as polarimeter

The in-plane metasurface polarimeter is designed with two 45° superimposed column-
pair gratings and distances of S = A(1 + 1/8) to obtain (ideally) the best basis for a

four-output polarimeter with the constraint that the analyzer vectors consists of two
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Figure 3.8. (a) The analyzer vectors of a polarimeter with one metasurface measured on both

in-plane and out-of-plane orders will all be positioned at points on the red circle regardless

of the distance S. The magenta arrows (out-of-plane orders) and blue arrows (in-plane orders)

illustrates an example where S = A(1+1/8). (b) The four analyzer vectors of a complete Stokes

polarimeter, consisting of two superimposed metasurfaces, depicted on the Poincaré sphere. It

is seen that the four polarizations span a volume in SOP space and it is therefore possible to

distinguish between the intensity and the DOP.
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(a)
$:=0 ¢2=7T/4

A
v

(b) (c)

s3

180°

Figure 3.9. (a) A schematic of an example of non-orthogonal antenna orientations. (b) The
analyzer vectors of a metasurface where the individual antenna-orientation in one column is
parallel to the column-orientation and 45° with respect to the column-orientation in the other
column. When ¢; = 0 and ¢, = /4 and S = 1.24, the azimuthal difference between the two
analyzer vector pairs are 90°. (c) Normalized radiation patterns of two columns for horizontally
polarized incoming light and ¢; =0 and ¢, = w/4 and S = A(1 + 1/8), using the analytical
model (blue line), the analytical model corrected for mutual coupling (red dashed line), and
finite-difference time-domain simulations (green dashed line). It is seen that the metasurface is
very sensitive to mutual coupling when the polarization of the incoming light is orthogonal to the

orientation of one of the antennas (to compare this with the fishbone design, see Fig. 3.5¢).
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Figure 3.10. Schematics of a metasurface polarimeter showing the geometry of the antenna
structure placed onto a transparent substrate. The red arrows illustrate the incident light beam
and the light transmitted through the sample. (a) The black arrows represent the directions of
scattered light, propagating in the plane of the sample surface. (b) The black arrows indicate the
angles that can be used for out-of-plane measurements. The scattered field intensity is measured

behind the sample (seen from the perspective of the light source).

pairs of vectors mirrored about the equator of the Poincaré sphere [35]. Figure 3.10
shows schematics of a full metasurface, with two superimposed columns-pair gratings,
each grating consisting of 5 column-pairs. The arrows illustrate the direction of the
incoming light and direction of the scattered light of interest for in-plane and out-of-
plane measurements. Theoretically, the analyzer vectors of these two designs do not
span a volume in SOP space, but deviations of the analyzer vectors caused by antenna
interactions, geometric imperfections, internal reflections and/or wavelength dependence
are nevertheless large enough that changes in DOP and intensity can be distinguished.
Because of the symmetry of the phased array (which leads to the constraint that the
analyzer vector pairs have the same polarization but with different helicity) the four
analyzer vectors can not form a regular tetrahedron in the Poincaré sphere and the
optimum condition number (Eq. (2.21)) can not be obtained. Increasing the number of
polarization analyzers to six, by superimposing a third metasurface the optimum basis
can be achieved and a condition number of v/3 is theoretically feasible [115]. With six
polarization measurements the polarimeter is overdetermined and the error is further
improved simply by the increase in statistical data. Furthermore, it was shown that a
larger number of outputs can be used to train a neural network model to improve the
performance of the polarimeter and extend its functionality to act as a wavemeter [106].
In the case of the 6-output polarimeter, the optimum positions of the analyzer vectors

are obtained by rotating the three metasurfaces 60° relative to each other and by setting
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the column-pair distance to S = A (1 + 1/4) for out-of-plane orders and S = A (1 +1/8)
for in-plane orders. Illustrations of the metasurface for the 4-output design and the
6-output design are shown in Fig. 3.11, together with the predicted analyzer vector
positions on the Poincaré sphere.

The in-plane design is well suited for coupling the scattered radiation directly to
planar waveguides and could therefore be advantageous in an on-chip polarimeter
array design. Also, as disscussed earlier (Eq. (3.6) and Fig. 3.6) the signal contrast is
better for this configuration. Furthermore, the maximum power to the detector at the
designed wavelength (Fig. 3.7a) is larger, presupposing that all the power in the in-plane
lobe is acquired by the detector. The out-of-plane design shows a less pronounced
wavelength dependence, which is mainly an effect of the meta-grating as seen in
Fig. 3.7b. Furthermore, there are no rescattering or absorption losses from neighboring
antennas in the out-of-plane design, since the scattered field does not propagate along
the plane of the metasurface. Such losses were found to be significant in the in-plane
case (Chapter 4). There is therefore no limit to the overall size of the metasurface in the
out-of-plane configuration, making alignment with the incoming light beam a simpler
task.

The FDTD simulations presented in figures 3.5 and 3.7a are based on antennas
embedded in a dielectric, without interfaces with other materials. The purpose of the
dielectric layer is to create a waveguide for the scattered light in the in-plane orders
to improve their directionality. Simulations of the electric field show that embedding
the antennas is not only advantagous for the in-plane orders, it is absolutely necessary.
When there is an interface between two materials of different refractive index, the
intensity of the light scattered in-plane drops substantially (see Fig. 3.12). In actual
experiments, surface roughness at the interface will quench the signal completely.
Simulations of a 4 um thick cladding layer are displayed in Fig. 3.13. The simulations
show that the waveguide squeezes the in-plane field together to a more directional lobe.
The reflections from the interfaces makes the radiation pattern more complicated and
causes lower symmetry. Furthermore, the reflections also seem to affect the intensity

distribution between orders and thereby the position of the analyzer vectors.
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Figure 3.11. The two images in the top row are illustrations of metasurfaces designed for in-plane

A(1+1/8)) with (a) 4-output design (2 superimposed metasurfaces rotated

configuration (§

45° with respect to each other) and (b) 6-output design (3 superimposed metasurfaces rotated 60°

(or 120°) with respect to each other). The two images in the bottom row are Poincaré spheres

showing the analyzer vector positions of (c) the 4-output device and (d) the 6-output device
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Figure 3.12. (a) Schematics of antennas placed on the surface of a dielectric layer (upper image)
and antennas embedded in a dielectric layer (lower image). (b) FDTD simulations of electric
field (E,), scattered in-plane, from one column of nanoantennas, showing the improvement of

embedding the metasurface in a dielectric layer.
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Figure 3.13. (a) Radiation pattern simulation of a five column-pair metasurface embedded in a
dielectric cladding layer with n=1.535 waveguide surrounded by SiO; (n=1.44) and air. (b) The

metasurface is embedded in dielctric and surrounded by SiO; on both sides
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Chapter 4

Experimental realization of metasur-
face polarimeters

4.1 Fabrication of wafer-based metasurface
polarimeters

The arrays of nanoantennas forming the metasurface were fabricated on fused silica sub-
strates with a thickness of 1 mm. The substrates were diced into sizes of 20 mm x 20 mm.
The metasurface was embedded within a 25 —30 um layer of benzocyclobutene (BCB)
polymer. A first layer of BCB was deposited prior to the nanopatterning. To assure good
adhesion between the glass substrate and BCB, the sample was wiped with cloth soaked
in soap, rinsed in organic solvents (acetone and isopropyl alcohol (IPA) followed by
deionized water rinse), and placed in an O,/Ar plasma for 1 min using a plasma asher.
Cyclotene 3022-57 (DOW® Chemical), commonly referred to as BCB, was spun onto
the substrates for 30 s at 1000 rpm and softbaked in an oven for 40 min at 210 °C. The
metasurface structures were patterned using electron-beam lithography (20kV EHT
voltage and 850 pC/cm line dose) on polymethyl methacrylate (PMMA 950 2 % from
MicroChem) spun onto the BCB layer at 2000 rpm for 30 s. Aluminium (20 —30 nm)
was deposited on top of the PMMA to avoid charging effects during electron-beam
writing. After e-beam writing the aluminium was removed in a dilute NaOH solution
(maD331 photoresist developer from MicroResist Technology) for 50— 60, and the e-
beam resist was subsequently developed for 50 s in MIBK(methyl isobutyl ketone):IPA
1:3. Cr/Au (1.5/20 nm) was deposited using electron-beam evaporation followed by

liftoff in acetone. Then the second BCB layer was spin-coated and hard baked at 250 °C
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Chapter 4. Experimental realization of metasurface polarimeters

for 60 min. Finally the sample was diced into a size and shape suitable for optical
measurements. The nanolithography process is illustrated in Fig. 4.1.

The resulting nanorods had a thickness of 20 —25 nm (confirmed with measurements
in an atomic force microscope), width of approximately 50 nm and a length of around
250 nm (approximately 1/4 of a wavelength in the dielectric). The full metasurface
covers an area of 100 um x 100 um. Scanning electron micrograph (SEM) images of
the four and six output metasurfaces are shown in Fig. 4.2.

In the case of in-plane detection, the substrate was diced such that the substrate
edges were perpendicular to the propagation directions of the scattered light. The
substrates were fitted and glued (with epoxy) into a 3D-printed holder that aligned the
sample with four or six individual TO-canned PIN photodiodes. The 3D-printed holders
were made in two different designs to allow measurement in the in-plane as well as
the out-of-plane configuration. One half of a fiber mating sleeve was glued onto the
holder to allow coupling of light into the polarimeter with a standard fiber connector, as
shown in Fig. 4.3. More detailed drawings of the 3D-printed holder can be found in the
appendix, Fig. A4.1. The ceramic ferrule of the fiber connector is brought in contact
with the metasurface. Since the mode size is around 10— 10.5 um, approximately five
column-pairs of antennas are overlapping with the incident light beam, which amounts
to only a small fraction of the total number of antennas in the patterned structure. It is
therefore relatively simple to assure that the light beam is aligned with the metasurface

before fixing the sample to the holder.

4.2 Experiments on wafer-based metasur-
face polarimeters

4.2.1 Optical setup

A schematic of the experimental setup is seen in Fig. 4.4. 1510— 1610 nm light from a
tunable laser was coupled into a deterministic polarization controller (DPC) and directed
to the metasurface. The optical fiber between the DPC and the sample inevitably changes
the polarization of the light. Therefore, the polarization of the light transmitted through
the sample was additionally measured using a commercial free-space rotating-wave-

plate polarimeter (POL). A manual polarization controller was used to ensure that the
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(a) (b)

Spin coating of BCB Spin coating of PMMA

Fused silica substrate

(c) (d)
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Figure 4.1. Schematics of the metasurface fabrication process. (a) BCB spin-on and softbake.
(b) PMMA spin-on and bake. (c) e-beam writing and development. (d) Ct/Au evaporation (e)
Lift-off process (f) BCB spin-on and hardbake.
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(a) (b)

Figure 4.2. Scanning electron micrograph images of the fabricated metasurfaces showing the
total metasurface structure. Inset: zoom-in of the metasurfaces displaying the individual antennas
of the array. (a) Four output design with two superimposed metasurfaces (b) Six output design

with three superimposed metasurfaces.

Figure 4.3. Photographs of the 4-output in-plane metasurface polarimeter (a) and the 4-output

out-of-plane polarimeter (b). The incident light enters each device through the optical fiber which
is placed in contact with the sample perpendicular to the metasurface. The transmitted light exits
through a hole in the back of the 3D holder. Four TO-canned photodiodes are glued into each
holder.
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4.2. Experiments on wafer-based metasurface polarimeters

Figure 4.4. An illustration of the experimental setup. Light from a tunable fiber laser is coupled
through a standard single-mode fiber to a deterministic polarization controller (DPC). The DPC
and the metasurface polarimeter (light grey box) are connected with a second optical fiber. A
3-paddle polarization controller (the dark grey box) on the second optical fiber corrects for
polarization changes caused by the fiber. A commercial freespace polarimeter (POL) is placed
behind the sample. Four or six photodiodes are fitted onto the sample holder and the measured

signal is picked up by a microcontroller.
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Chapter 4. Experimental realization of metasurface polarimeters

DPC and the rotating-waveplate polarimeter registered the same polarization state. The
output signals from the four detectors on the metasurface polarimeter were fed through
an amplification circuit and measured in photoconductive mode. A microcontroller
collected a 300-sample set from the four photo-detectors at a rate of 1 kHz. This
sampling rate is limited only by the electronics. Approximately 25 % of the input power
is lost in the metasurface at 1550 nm due to absorption and scattering. Approximately
0.4 % of the total incoming power is scattered to each photodetector. The setup can be
operated in a semiautomatic mode, where the DPC is used for reference polarization,
or in an automatic mode where the POL is used for reference. In the semiautomatic
mode the user must assure that the DPC and the microcontroller are aligned in time. In
automatic mode, the DPC and POL are triggered from the computer. Futhermore, the
power and wavelength of the fiber laser can be controlled automatically. The power
on the metasurface is calibrated manually with a large-area photodetector when using
the automated setup, since only a fraction of the light impinges on the free-space

polarimeter.

4.3 Performance of wafer-based metasur-
face polarimeters

A number of polarization measurements were performed on 4 and 6-output in-plane and
out-of-plane devices using the calibration procedure presented in chapter 2 [38] and the
results were compared to the polarization state measured by the DPC or the POL. Each
metasurface polarimeter was tested at several wavelengths within the telecommunica-
tion C-band (1530 — 1565 nm). One set of measurements performed at a wavelength of
1550 nm is shown in Fig. 4.5 using a 6-output polarimeter measured in-plane. The un-
certainty of the measurements, shown with red errorbars, are calculated using Eq. (2.22).
The uncertainty is a sum of the contributions from noise in the intensity measurements
and from error propagation through the calibration process, of which the former con-
tribution is dominant. Errorbars on the reference polarizations are not shown on the
plot, since they are too small to be seen. As discussed in section 2.2, the standard
deviation of a number of measurements overestimates the precision of the reference
polarimeter. The root-mean-square error (RMSE) between polarization states measured

by the metasurface polarimeter and reference polarization states at 1550 nm with 3mW
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N
T
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Figure 4.5. Polarization measurements at a wavelength of 1550 nm using a 6-output device with
an in-plane design. Each subplot contains one element of the Stokes vector. The first subplot
is the power of the incident light, which is proportional to Sy. The next three subplots are the
parameters characterizing the state of polarization (SOP), s; — s3. The red line with errorbars are
the polarization measurements of the metasurface polarimeter, the blue dots are the reference

polarizations set by the deterministic polarization controller (DPC).
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Figure 4.6. Root-mean-square error (RMSE) on all SOP parameters at wavelengths between

1530 nm and 1565 nm. The laser power is varied between 1-3 mW

low. This is of course partly a result of the signal-saving design. However, it is expected
that electronic noise, especially amplifier noise and electromagnetic interference (EMI),
can be significantly reduced by optimizing the electronic circuit.

Figure 4.6 shows the RMSE for a 6-output polarimeter measured in the out-of-
plane design at wavelengths between 1530 nm and 1565 nm with the automated setup.
A metasurface design with antenna column spacing of A(1+ 1/8) was used. The
device calibration was repeated for each wavelength, since the polarimeter response
is inherently wavelength-dependent, as shown in Fig. 3.7. The same metasurface
polarimeter design can therefore be applied across a wide range of wavelengths as
long as the spectral information of the incident light source is known a priori. The
plot shows that the variation in RMSE is low over the measured wavelength range.
Other measurements show that this is true even within a larger wavelength range of

1510-1610nm [84]. The error increases on each side of the design-wavelength, which
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4.3. Performance of wafer-based metasurface polarimeters

is 1550 nm. This is expected, since the scattered light intensity decreases away from
resonance (see Fig. 3.3a). The minimum is approximately 7 nm lower than the design
wavelength, corresponding to a 0.5 % shift from the intended response. The reason
for this deviation could be that the resonance wavelength of the antennas are slightly
blueshifted from the intended value. This is supported by the fact that the combined
mean power on the detectors has a maximum around 1540 nm. Another source of
deviation in the RMSE is wavelength dependency of the position of the analyzer
vectors. This wavelength dependency is surprisingly strong. The analyzer vectors for
wavelengths between 1530 nm and 1565 nm are shown in Fig. 4.7, using the same data
as in Fig. 4.6. 2D plots are shown in appendix A5. As documented in Fig. 4.8, the
error is considerable even when the polarimeter is measured at a wavelength only a few
tens of a nanometer away from the calibration wavelength and increases about tenfold
only one nanometer away from the calibration wavelength. In order to assure accurate
results it is therefore necessary to make a very fine calibration library and the input
wavelength must be known very precisely. However, what seems to be an obstacle to a
practical device can be turned into a benefit by adding an extra layer of software. By
using deep neural networks trained on calibration data, it was found that the metasurface
polarimeter can accurately measure polarization over a wide wavelength range without
a-priori knowledge of input wavelength, and the functionality of the polarimeter can

simultaneously be enhanced to measure the input wavelength as well [106].

4.3.1 Error and polarization response

From Eq. (2.19) it is seen that, assuming linearity, the polarimeter error is generally
affected by two factors. First, D deviates due to, for example, errors in reference
polarization measurement, fiber position changes, and matrix inversion in the calibration
calculation. Secondly, the intensity measurement is subject to errors, e.g. detector
noise, nonlinarity of detector response, and source power fluctuations. To minimize
the error, the transformation should be well conditioned, i.e. the condition number
K(A) defined in Eq. (2.21), should be as low as possible. As mentioned in section
2.2, the minimum condition number corresponds to the analyzer vectors spanning
the largest possible volume in the Poincaré sphere. Therfore, we need to control the
polarization selected by the polarization analyzers of the metasurface polarimeter. This
polarization is set by the design parameters of the metasurface, the distance, S, between

antenna columns (see Eq. (3.6)) and the orientation of the columns in the plane of the
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—— Measured states
—=—=- Designed states

Figure 4.7. Analyzer vector wavelength dependence of a 6-output metasurface polarimeter
measured in out-of-plane configuration from 1530 nm— 1565 nm in steps of 0.2nm. In (a)
the analyzer vectors are depicted as colored circles on a Poincaré sphere as normalized state
of polarization parameters. The dark-colored circles are analyzer vector positions at short
wavelengths and the light-colored circles show the positions at long wavelengths. In (b) the
analyzer vector positions are shown as polarization ellipses (see Fig. 2.1b). Dark green ellipses
corresponds to short wavelengths and light green ellipses to long wavelengths. Only every 10th
measurement is shown (equal integer wavelengths). The dashed blue polarization ellipses are the

designed analyzer vector positions.
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Figure 4.8. (a) Root-mean-square error between metasurface polarimeter measurements and
reference measurements using a 6-output device in out-of-plane configuration measured in
automatic mode. The polarization measurements are repeated for different wavelengths. The data
shown with a blue line is obtained when the polarimeter is calibrated for each wavelength. The
data shown with the red line is obtained when the polarimeter is calibrated only at 1550 nm. (b)
Polarization measurements with a 4-output metasurface polarimeter in out-of-plane configuration
(blue circles) and DPC reference polarizations (red circles) at 1550 nm (upper left), 1550.1 nm
(lower left), 1550.2 nm (upper right), 1550.3 nm (lower right); all using the 1550 nm calibration
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sample (see Fig. 3.10). There are, however, several sources of error in the polarization
response of the polarimeter such as internal reflections, wavelength dependence, antenna
interactions, geometric deviations, deviations in the angle of the incoming light, and
rescattering. Experiments show that such deviations are surprisingly large. The analyzer
vector positions of two 4-output metasurfaces are shown in Fig. 4.9, illustrating the

magnitude of the divergence. Deviations in the polarization response have been reported

(b)

Figure 4.9. Analyzer vector position on the Poincaré sphere for a device with (a) in-plane design
and (b) out-of-plane design. The analyzer vectors are normalized to unit length. Red dots are the

theoretically predicted positions. Blue dots are the measured positions.

earlier for a single (2-output) fishbone metasurface, but not of the same magnitude
[103]. Figure 4.10 shows the analyzer vectors of two metasurfaces measured in-plane
and fabricated as described earlier in this chapter, but with a metasurface design that
only has two in-plane outputs, i.e. the superimposed metasurface with columns rotated
45° has been omitted. It is seen that even though there is still some deviation from
the design polarization, it is much less than the divergence seen in Fig. 4.9a. This
suggests that antenna interactions due to the superimposing of two metasurfaces are
non-negligible. Assuming no near-field interaction, the only scattering order that should
be affected by a superimposed metasurface are the ones parallel to the incident light
beam. Figure 4.11 shows FDTD simulations of a 5-column-pair, 9-row metasurface.
It is seen that the meta-grating is affected when there is a superimposed metasurface,
since several new ‘noisy’ orders appear. Furthermore, more power is coupled into the
meta-grating scattering orders and the polarization response is affected. A number
of FDTD simulations have been performed with different polarizations, sampling the

entire Poincaré to get a more quantitative idea of the change of the analyzer vectors.
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Figure 4.10. Analyzer vector position on the Poincaré sphere for devices measured in-plane

and designed for (a) circular polarized light and (b) elliptical polarized light. Red dots are the
theoretically predicted positions. Blue dots are the measured positions.

(@) (b)

0
o a-12
8
extra antennas ' extra antennas
no superimp 6% 10°

no superimp
150°

180°

210° 210°

Figure 4.11. Radiation patterns of the scattered field in the yz plane from FDTD simulations of
5 column-pair, 9 row metasurface with (green curve) and without (red curve) a superimposed

metasurface. (a) Elliptically polarized incoming light (y,8) = (w/4,7/4) (b) 45° linearly
polarized incident light (y, §) = (n/2,0)
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The simulations are performed on a rectangular area containing a 5-column-pair, 9-row
metasurface and repeated with a superimposed metasurface, with columns rotated 45°
with respect to the first metasurface. The superimposed antenna arrays are cropped
to fit with the rectangular area of the first metasurface. The simulated number of
antennas is not as large as experimentally realized. However, the simulation area is
limited by the memory of the simulation computer (64 GB). Results show that the
polarization response is changed ca. 2Ae = 10° on the Poincaré sphere upon the
introduction of the superimposed metasurface. The simulation model is limited by the
relative short column length (9 antennas). Furthermore, it does not take into account the
changes in polarization response that arise from, e.g., reflections and proximity effects
at overlapping antennas during e-beam writing. However, the simulation shows a clear
effect on the polarization response from superimposing a 45° rotated metasurface.
Further experiments have been performed to investigate the influence that the su-
perimposed metasurface has on the polarization response. Two additional 4-output
polarimeters were fabricated, where the two metasurfaces were separated by a BCB
spacer with thickness of 2 um, instead of superimposing them in the same layer. This
means that the polarimeters consist of two stacked metasurfaces; each metasurface
supplying the polarimeter with two polarization analyzers. The polarimeters were mea-
sured in in-plane and out-of-plane configurations. The magnitude of the scattered power
to the detectors was more than doubled compared to the single-layered metasurface
polarimeters indicating that superimposing metasurfaces indeed affect the meta-grating
scattering orders. The analyzer vectors of in-plane measurements are shown in Fig. 4.12
and out-of-plane measurements in Fig. 4.13. Each figure shows two devices measured
twice at different light source positions on the sample. To allow for the repositioning
of the incoming light, the samples were measured in a slightly different setup. Instead
of using a fiber connector and half of a mating sleeve, the light beam was directed to
the metasurface from a bare fiber (only cladding and core) with a cleaved fiber facet.
The fiber was placed on an xyz stage for alignment to the metasurface. Figure 4.12
shows that there is no immediate improvement in the control of the in-plane measured
analyzer vector positions by vertically separating the superimposed metasurfaces. The
polarization response is completely arbitrary. There seems to be no relation between
samples as well as between measurements on the same sample at different positions.
This result suggests that rescattering from neighboring antennas (when passing them on
the way to the detectors), and especially antennas from the superimposed metasurface

where half of the antennas are parallel to the field, is the limiting factor when it comes
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to controlling the position of the in-plane analyzer vectors. This theory is supported by
the fact that the signal to the detectors is completely quenched, when the metasurface is
embedded in a 4 um waveguide, instead of the 25 um waveguide used in all wafer-based
polarimeters presented in this work. When the waveguide is thinner the scattered field
is larger at the position of the neighboring antennas and the entire field is scattered out
of plane before exiting the metasurface (remember that the incident beam only covers
a circular area with a diameter of ca. 10 um, whereas the entire metasurface area is a
hexagon/octogon within a writefield of 100 um x 100 um). The experiments therefore
show that interaction with neighboring antennas are larger than basic intuition suggests.

Out-of-plane measurements on the same two devices are presented in Fig. 4.13.
The analyzer vector positions are much closer to the polarizations the metasurface is
designed for. The deviations from predicted polarizations are still clearly observed, but
comparable to the deviations observed with 2-output metasurfaces. These measurements
therefore strongly indicate that part of the deviations in Fig. 4.9b are caused by antenna
interactions with the superimposed metasurface. The analyzer vectors are almost
completely unaffected by fiber position change. This supports the theory that rescattering
has an extensive influence on the in-plane analyzer vectors. An exception is the analyzer
vectors of one of the metasurfaces of sample A (Fig. 4.13a and Fig. 4.13b). The lift-
off process for this metasurface only partially succeeded resulting in delamination of
many antennas. This increase in geometric deviations naturally affects the polarization
response as a function of fiber position.

Geometrical variation of individual antennas is another source of error in the po-
larization response. FDTD simulations of 5 column-pairs and 9 rows of antennas are
performed with antennas varying from the designed dimensions ([220-270 nm] x [40-
60nm] x [16-30nm]), which is a considerably larger variation than observed experi-
mentally. The in-plane analyzer vector positions are found by sampling the polarization
over the Poincaré sphere. The simulations show a clear shift of the polarization response
of AY = 16° and Ae = 6°. The shift in polarization response depends on row distance
(nearfield coupling) and the spatial distribution of the size variations. FDTD simulations
of 5 column-pairs and 5 rows of antennas with double row spacing (A /2) and a different
spatial distribution of the size variations result in a change in polarization response of
less than 3° (the resolution on azimuth and ellipticity). FDTD simulations of 5 column-
pairs and 9 rows of antennas (and a row distance of A /4) are performed with a smaller
antenna variation ([230-260 nm] x [45-55 nm] x [18-24 nm]) resulting in a change in

polarization response of A% = 10°. A way to experimentally investigate the sensitivity
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(a) (b)

(c) (d)
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Figure 4.12. Experimentally measured position of analyzer vectors for 4-output polarimeter
measured in-plane. The two superimposed metasurfaces, each delivering 2 outputs are spatially
split with a distance of approximately 2 um. (a) Sample A, fiber position one. (b) Sample A, fiber

position two (c) Sample B, fiber position one (d) Sample B, fiber position two.
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Figure 4.13. Experimentally measured position of analyzer vectors for 4-output polarimeter

measured out-of-plane (a) Sample A, fiber position one. (b) Sample A, fiber position two (c)

Sample B, fiber position one (d) Sample B, fiber position two.
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of polarization response to geometrical variation is to fabricate a metasurface polarime-
ter with varying antenna sizes. Another experiment could be to illuminate a larger area
of antennas by terminating the fiber with a collimator to statistically smoothen out the
effect of geometrical variation of antennas. This experiment, however, requires a larger
metasurface than the 100 um x 100 um, which is the largest possible writefield available
for this project. The experiments are recommended for future work, also because the
latter provides a good experimental setup for measuring the error caused by angular

deviations of the incident light.

4.3.2 Systematic error

In the previous sections the uncertainty of metasurface polarimeter measurements was
calculated from the formulas derived in chapter 2 (equations 2.22 —2.24), that show how
the error in D and I propagates to the final Stokes vector S. Furthermore, the polarization
response of the metasurface was discussed because the determined Stokes vector is
most immune to error when the condition number (Eq. (2.21)) is at its minimum, i.e.
when the analyzer vectors span the largest possible volume on the Poincaré sphere. In
this section, the focus is solely on systematic errors, thereby excluding random errors,
which for the metasurface polarimeter is equivalent to detector/amplifier noise (although
it can be argued that detector noise can be interpreted as a systematic error in case of a
short acquisition time). The polarimeter is subject to a number of systematic errors such
as deviation in wavelength, angle of incidence, fiber position, reference polarizations,
source power fluctuation, nonlinearity, and temperature-dependent effects. These errors
occur because the polarization measurement is indirect, i.e. it is assumed that the
measurement is performed under the same conditions as the calibration. However, as
a result of the systematic errors the perceived inversed analyzer matrix, D, used to
calculate the percieved Stokes vector, S, will differ from the actual inversed analyzer
matrix, D,, measured during calibration. Using Eqgs. (2.19) and (2.16) the perceived

Stokes vector can be expressed as [34, 116]
S, =D,1=D,A,S, = QS, 42)

where the distortion matrix, Q = D,A,, maps the actual Stokes vector to the perceived
Stokes vector. The mapping is illustrated schematically in Fig. 4.14. The model for the
error caused by miscalibration permit a simulation of the error for a known calibration

error. It can be used to analyze the distribution of error over the parameter space of all
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Scattered light |

Metasurface
Sp = Dpl

Incident light

I = AaSa
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Figure 4.14. Illustration of linear transformation with systematic errors. The incident light
is characterized by an actual polarization S,, which is related to the measured intensities of
the scattered light by I = A,S,. However, if the measurement is performed under different
circumstances than the calibration, the inversed analyzer matrix is wrong and we arrive at a

different Stokes vector, Sp,.

polarizations and to find the value of a given physical parameter that causes error (e.g.
angle or wavelength) that corresponds to the maximum tolerated error. Figures 4.15
and 4.16 shows the error simulation using the analyzer matrices from the data shown
in Fig. 4.8b, where the wavelength is varied between 1550 nm and 1550.3 nm in steps
of 0.1 nm. The incoming polarizations are parameterized using a spiral sampling to

achieve an even distribution of polarizations on the Poincaré sphere [117]
S = (1 cos(k) sin(k) x)" 4.3)

where x € [—1,1] and k € [0,2n]. A total of 800 points and 30 revolutions on the
Poincaré sphere were used. The actual analyzer matrix is obtained by calibrating at
each wavelength (1550.1 nm, 1550.2 nm, and 1550.3 nm). The analyzer matrix found
by calibration of the 1550 nm data is selected as the perceived analyzer matrix. Figure
4.15 shows the error of all three wavelength shifts on 2D plots; each containing the error
on the four Stokes parameters. Figure 4.16 shows the error of the measurement with
a 0.3 nm wavelength shift (Fig. 4.15¢) on a Poincaré sphere, where the absolute error
is illustrated as a color change on the spiral locus of the input polarizations (S,). The

wavelength discrepancies of 0.1 —0.3 nm are selected for illustration purposes only, as a
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Figure 4.15. Simulation of the systematic error for each sampling point along a spiral locus

around the Poincaré sphere for a wavelength shift from a 1550 nm incoming narrow linewidth

light source of (a) 0.1 nm, (b) 0.2nm, and (c) 0.3 nm. The error on the degree of polarization
(DOP) is shown in (d) for all three wavelength shifts.

case where the wavelength shift is small, but the error considerable.

Because of the unevenly distributed error over the Poincaré sphere it would be useful

to analytically predict the polarization of maximum error from the analyzer matrices

alone. This is possible using the method of Lagrange multipliers [118]. The Lagrangian

method is employed for optimization problems that are subject to constraints. With

a constraint that we have fully polarized light and intensity normalized to unity the
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Figure 4.16. Simulation of the systematic error at a wavelength shift of 0.3 nm shown on the
Poincaré sphere as a color change. The connected points illustrate the positions of the percieved
analyzer vectors (cyan dots, black lines) and the actual analyzer vectors (blue dots, magenta

lines).
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functions for the error on the Stokes parameters are

€5,(51,82,83) =1 — (011 + 81012 + 52013+ S3014)
€5,(81,52,83) = S1 — (021 + 5102 + 52023 + 53024)
(S1 )
( )

“4.4)
€5,(851,52,83) = S — (031 + 51032 + 52033 + 53034)
€5,(51,52,83) = 83 — (041 + 51042 + 52043 + S3044)
and the condition is written as
c(S1,82,83) =87+ 834+ 53 =1 (4.5)

To find the maxima of a function using the Lagrangian method we need to find all
stationary points of the Lagrange function and establish which of the stationary points
are the global maximum of the function. Introducing the Lagrange Multiplier (1), the

Langrange function is given by
€5,(51,82,83) — Ac(81,52,83) (4.6)

and the stationary points are the points where the partial derivatives of the Langrange

function are zero. In the case of the error on S;, we obtain

- _1-0n
1—011=2A81 &8 = 7
—01n
_ — = 4.7
Q=215 <5 2 4.7
_ _ =013
—Q13—2)~S3<:>S3— Zl

This leaves us with 4 equations (Egs. (4.5) and (4.7)) and 4 unknown variables. There-

fore, A is

\/(1 —0n)*+ 035+ 03,
2
which can be inserted in Eq. (4.7) to reveal the values of S; — S3. To establish the global

A=+ (4.8)

maximum the two candidates are fed into the error function. In a more general case the
constraint is relaxed to allow for partial polarized light and the condition becomes an

inequality (all points inside the Poincaré sphere)
S+S3+s3<1 (4.9)

This problem can be solved using the Karush-Kuhn-Tucker (KKT) conditions, which

are similar to Lagrange optimization. The KKT method, however, contains two extra
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4.3. Performance of wafer-based metasurface polarimeters

conditions: A must be zero or positive and either the condition or the Lagrange multiplier
must be zero, A(c(S1,52,83) — 1) = 0. Table 4.1 shows the maxima found numerically
and analytically, when polarization is measured at a wavelength of 1550.3 nm and
expected to be 1550 nm (Fig. 4.16).

4.3.3 6-output vs 4-output error

As explained in chapter 3, the position of the analyzer vectors on the Poincaré sphere
is not optimal for the 4-output polarimeter. However, fiber-coupled metasurface po-
larimeters with 6 outputs were also fabricated using the metasurface design illustrated
in Fig. 3.11b. Devices with 3 superimposed metasurfaces has been made as well as
3-layer devices where the metasurfaces are separated by two 2 um thick layers of BCB.

Photographs of packaged devices are shown in Fig. 4.17. Adding two extra outputs

Figure 4.17. Photographs of front and back side of two packaged 6-output in-plane and out-of-

plane polarimeters.

will naturally cause a statistical improvement of the error [119]. There will also be an
additional improvement of the error, since the analyzer vector positions of the 6-output
device are closer to being optimal (Fig. 3.11d). It is therefore expected that error
will decrease with the condition number (chapter 3). Figure 4.18 shows the result of
a number of polarization measurements of 4-output and 6-output devices measured
in in-plane as well as out-of-plane configurations. Despite the variation in intensity
noise and deviation in analyzer vectors (see Figs. 4.12 and 4.13), it is obvious that the
RMSE decreases with the condition number. The 6-output devices have lower condition

number than the 4-output devices in in-plane as well as out-of-plane configurations.
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Actual wl: 1550.3 nm, Perceived wl: 1550 nm

Polarization for max. error on Sy

N hY) S3
Numerical 0.97 0.14 -0.20
Analytical 0.98 0.09 -0.19

Polarization for max. error on S

Sl S2 S3
Numerical -0.83 -0.25 0.50
Analytical -0.83 -0.24 0.51

Polarization for max. error on S,

N hY) S3
Numerical -0.83 -0.25 0.50
Analytical -0.84 -0.25 0.46

Polarization for max. error on S3

Sl SZ S3
Numerical 0.96 0.01 0.27
Analytical 0.95 -0.00 0.31

Table 4.1. Numerical and analytical predictions for the polarization with maximum systematic
error, when using 1550 nm calibration data to construct the perceived analyzer matrix and
1550.3 nm calibration data to construct the actual analyzer matrix. The deviation between
numerical and analytical results are mainly due to sampling resolution. If the number of sampling
points is increased one hundred times (to 80000), then the numerical and analytical results are the

same to second decimal.
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Figure 4.18. Root-mean-square error vs condition number for polarization measurements on
4-output and 6-output metasurface polarimeters corresponding to different sets of analyzer vectors

measured both in in-plane and out-of-plane configurations.

The in-plane devices have generally a lower condition number because of the better
signal contrast and because the metasurfaces were designed for in-plane measurements.
The analyzer vectors of the out-of-plane devices are therefore closer to the equator of
the Poincaré sphere (Fig. 4.13) and the polarimeters are less sensitive to the helicity of
the incoming polarizations. All data points in Fig. 4.18 are made using devices where
the metasurfaces are not superimposed but split in two or three separated metasurfaces.
One exception is the 6-output in-plane measurements (see Fig. 4.19), where the position
of the analyzer vectors are quite close to the designed positions and not very sensitive to
change in fiber position. If this result turns out to be repeatable, it suggests that the fact
that the long axis of all antennas are never parallel to the propagation direction of the
scattered field greatly reduces the effect of rescattering and absorption by neighboring
antennas. Also it could be hypothesized that the symmetry of the metasurface alleviates
some of the deviations caused by superimposed metasurface antenneas (Fig. 3.11). The

uncertainty of the DOP is calculated from the uncertainty of the Stokes parameters and
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Figure 4.19. 6-output device with 3 superimposed metasurface in a single layer measured in

in-plane configuration. (a) Polarization measurements showing all polarization parameters. (b)

Analyzer vector positions on Poincaré sphere
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4.4. Metasurface polarimeters integrated on a fiber tip

6-output in-plane device

RMSE Power RMSE s1 RMSE s2 RMSE s3
0.0013mW 0.0012 0.0012 0.0012

RMSE DOP  Max abs azimuth error Max abs ellipt. error  Max abs DOP error

0.0018 0.13° 0.11° 0.45%

Table 4.2. Root-mean-square error and maximum absolute error of the 6-output measurements

shown in Fig. 4.19

Eq. (2.10) using the standard error propagation formula [120]

6(p)2:c(50)2(5%+sg+sg) y o(S;)%s?
sS4 ~ S2(S2+S3+53)
0 i P00\ 2793 (4.10)
COV(S(),S[)S,’ COV(S,‘,Sj)S,’Sj '
_22 3 +22 2(2 L 22
f So 7 So(ST+83+53)

where i A j € [1,3]. The RMSE of individual parameters and maximum measured errors
in form of angles on the Poincaré sphere is shown in table 4.2. All RMSE values are
lower than the stated accuracy of the state-of-the-art inline polarimeter (IPM5300) from
Thorlabs (SOP: £0.25°, DOP: 0.25 %). It should be noted, however, that Thorlabs
doesn’t supply information about the power range within which the accuracy of the
IPM5300 is valid, the fraction of incident intensity that is scattered to the detectors, nor

details about data acquisition.

4.4 Metasurface polarimeters integrated on
a fiber tip

Integration of nanostructures onto optical fiber facets has the potential of opening new
applications for highly miniaturized optical devices, such as surface-enhanced Raman
scattering sensors, surface-plasmon-resonance sensors, beam steering structures, fiber
optical tweezers, polarization state generators, and devices for polarization monitoring
in telecommunications networks [59, 121, 122]. Fabricating nanoscale structures on a
fiber tip is a challenging task. The large aspect ratio and microscopic cross-section of the

fiber are not compatible with conventional wafer-based processing platforms, originating
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Chapter 4. Experimental realization of metasurface polarimeters

from the semiconductor industry. Instead, many different approaches have been demon-
strated, employing technologies such as focused ion beam milling, nanoimprinting,
two-photon polymerization, and transfer lithography [123-125].

Transfer lithography techniques offer convenient methods of high-resolution optical
fiber tip patterning suitable for parallel processing. Many of the reported methods,
however, require complicated processing like mold preparation, manual transfer by
mechanical contact, or multiple film delamination [126—128]. Here, a simple nano-
transfer technique that is used to define patterns of metallic nanoantennas on fiber
facets is demonstrated. The method involves only a few simple processing steps, easy
alignment and potential for low-cost production.

An in-line metasurface polarimeter was patterned on a 1550 nm single-mode fiber
facet using this technique, demonstrating the capacity of the miniaturization of the meta-
surface polarimeter. Current commercially available in-line fiber-based polarimeters
are constructed with multiple optical components in series [20]. Since a metasurface
polarimeter requires only one ultrathin surface of nanoantennas [11], the fiber-based
in-line metasurface polarimeter represents a reduction in size and potentially an im-
provement in stability while matching state-of-the-art fiber-based in-line polarimeters in
terms of speed, accuracy and precision. In-line polarimeters play a critical role in moni-
toring and controlling the polarization in optical communication networks. Integrating
the metasurface polarimeter on an optical fiber would therefore not only represent an
important step towards the ultimate miniaturization of the polarimeter but could also be

very useful in applications like optical networks.

4.5 Fabrication of metasurface polarimeters
integrated on fiber facet

The principle of the template stripping transfer processes is illustrated in Fig. 4.20. The
metasurface pattern was initially written into an approximately 100 nm thick layer of
PMMA (950 PMMA A, 2% in Anisole from MicroChem) on a silicon wafer using
electron-beam lithography and developed for 50 s in MIBK:IPA 1:3. The thickness of the
PMMA was measured in an ellipsometer. A 20 nm thick gold layer was subsequently
deposited on the resist using electron-beam evaporation and patterned in a lift-off
process.

The setup for the template stripping transfer lithography process consists of a fiber
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4.5. Fabrication of metasurface polarimeters integrated on fiber facet

Figure 4.20. (a) An optical fiber (white cylinder) with a drop of polymer (green hemisphere) on

the tip in proximity to a metasurface consisting of arrays of gold nanoantennas. The metasurface is
made of two superimposed gratings of antenna columns arranged in a pattern where the antennas
in each column are rotated 90° relative to antennas in the neighboring column. (b) The polymer is
UV-cured through the fiber core resulting in only the antennas under the center of the fiber being
released from the wafer. (c) The polymer is UV-cured using flood exposure resulting in a larger
metasurface area being released from the surface. (d) A second layer of polymer is cured on top
of the existing polymer. The polymer is cured while in contact with an unstructured surface to

ensure a flat end face.
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mount (a bare fiber rotator), an xyz stage, and a fiber-coupled UV-diode, see Fig. 4.21.
A 1550-nm single-mode fiber was mechanically cleaved and placed in the setup. The
fiber tip was dipped in a UV-curable hybrid organic/inorganic polymer (OrmoComp®,
micro resist technology GmbH) that had been prebaked at 80 °C for 2 minutes, leaving a
droplet of polymer on the fiber tip. The fiber tip was then brought into near proximity to
the patterned silicon wafer bringing the droplet in contact with the sample (Fig. 4.20a).
The total size of the pattern is 100 um x 100 um. The xyz stage was used to align the
fiber tip over the nano-patterned area by the help of optical lenses. The polymer was
then cured with 365-nm ultraviolet light using one of two approaches. With the fiber
exposure approach the UV-light was transmitted through the fiber itself, thus forming a
cylindrical polymer rod between the fiber and the wafer as a result of confinement within
the fiber and a self-guiding phenomenon within the optically-cured polymer. After UV
exposure, the fiber was retracted, delaminating the gold from the wafer and transferring
it to the surface of the cured polymer rod, as a result of low adhesion between gold and
silicon. This simple delamination process is known as template stripping [129, 130].
Template stripping uses the fact that some metals, gold included, have low adhesion
when deposited directly on silicon. The adhesion is high enough that structures do not
delaminate during the liftoff process, but low enough that stripping from the wafer is
straightforward. The adhesion experienced with the present procedure and equipment
was very suitable for template stripping. However, if adhesion between gold and silicon
needs to be improved due to delamination during liftoff, the silicon can be primed
with a thin layer of sputtered gold [131]. UV-curing through the fiber ensures that the
nanostructure is automatically transferred only to the area corresponding to the fiber-
core (Fig. 4.20b). Uncured polymer was removed with a developer (OrmoDev®, micro
resist technology GmbH) for 50s. Figure 4.20c illustrates an alternative flood-exposure
approach where the polymer was cured from outside the fiber, thus curing the entire
droplet of polymer on the fiber tip. After a rinse in IPA, the metasurfaces transferred to
the polymer rod can subsequently be fully embedded in polymer by repeating the process
using a clean silicon wafer without nanoantennas. This is illustrated in Fig. 4.20d with
the fiber exposure approach. Simulations (Fig. 3.12) and experiments show that the
performance of the polarimeter is degraded if the antennas are not fully embedded in
polymer.

Electron micrograph images of the patterned fibers are shown in Fig. 4.22. The
diameter of the polymer rod in Fig. 4.22a is 10— 10.5 um corresponding well to the
core size of the SMF-28 optical fiber. Figure 4.22d shows a micrograph of the silicon
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Figure 4.21. The setup for template stripping transfer lithography. The blue box to the left
contains a 365 nm UV-diode which couples light, via a 2600 tm multimode fiber into a single
mode SMF-28 fiber with a cleaved facet. The bare fiber is positioned in the fiber mount, which is
fixed in vertical position on an xyz stage that allows for positioning of the fiber facet in all three
dimensions. A patterned silicon sample is shown in the middle of the image. Optical lenses to

assist alignment is shown in the front and the mechanical fiber cleaver is shown to the far right.
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wafer after transfer lithography with the fiber exposure approach. It is observed that all

antennas in a circular area are successfully detached from the sample.

4.6 Performance of metasurface polarime-
ters integrated on fiber tip

4.6.1 Metasurface design

The metasurface pattern transferred onto an optical fiber facet consisted of identical gold
nanorods (250 nm x 50 nm x 20 nm) arranged with subwavelength-spacing in parallel
arrays, as presented in chapter 3. The fiber-based metasurface polarimeter is, like the
wafer-based polarimeter in sections 4.1 to 4.2, designed for near-infrared light (C-band
wavelengths), which when normally incident on the metasurface will scatter a fraction
of the intensity in polarization-dependent in-plane and out-of-plane meta-grating orders;
each order serving as a polarization analyzer. The in-plane grating orders stay in the
plane of the metasurface, whereas light in the out-of-plane orders is scattered at an angle
close to 45° from the metasurface plane after refraction at the polymer/air interface.
Only out-of-plane orders are used for intensity measurements, since in-plane orders
suffer from lensing and scattering from imperfections at the edge of the structure when
the transfer lithography method is used. The rescattering of the in-plane orders at the
fiber-cladding/air interface is observed in images in Fig. 4.23 using an infrared camera
and a reflective microscope objective from Ealing. Aside from mapping the fiber facet
to the image plane, the reflective objective serves to block most of the light from the
fiber to avoid overexposing the image. The images of the rescattering demonstrate the
polarization-dependent light scattered by the metasurface.

To achieve optimum polarization response and scattered light intensity, the meta-
surface was designed for measuring in out-of-plane configuration, where the distance
between the two columns of perpendicularly oriented antennas is A (1 + 1/4) and the
column-pairs are spaced 2A, where A is the design wavelength in the polymer material,
corresponding also roughly to the resonance wavelength of the individual antennas. The

4-output design was chosen for simplicity.
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(a) (b)

(c) (d)

Figure 4.22. Electron micrograph images of patterned fiber facets. (a) Image of a processed

125 ym diameter bare fiber fabricated with the fiber exposure approach, showing the 10 um-
diameter polymer rod in the center of the the fiber facet. (b) A zoom-in of the polymer rod
showing the transferred gold nanoantennas. (c) Image of a patterned fiber facet using the flood
exposure approach, where a much larger area of nanoantennas arrays is transferred. The inset
shows a zoom-in of the transferred nanoantenna arrays (the scale bar represents a length of 2 pm).
(d) Micrograph of metasurface on a silicon wafer after stripping. In the middle of the image is a
circle with a diameter of about 10 um, where the gold nanoantennas have been transferred to the

fiber tip. The scale bar represents a length of 1 um.

73



Chapter 4. Experimental realization of metasurface polarimeters
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Figure 4.23. Fiber-cladding images of an optical fiber facet patterned with a flood exposure
metasurface polarimeter design. In-plane orders are seen rescattered out of plane at the fiber-
cladding/air interface. The bright spot in the middle is the light emitted from the fiber that
escapes being blocked by the reflective objective. The relative intensity of scattered orders varies
with the polarization of the incoming light. (a) Right-hand circular polarization. (b) Left-hand
circular polarization. (¢) Horizontal linear polarization. (d) Schematic of fiber facet showing the

dimensions of the cladding.

4.6.2 Optical setup

The patterned optical fiber was connected to a fiber laser at a wavelength of 1550 nm,
followed by a deterministic polarization controller (DPC). The intensity of four out-of-
plane orders was measured to obtain information about the polarization of the incoming
light. Four InGaAs photodiodes were fitted in a 3D printed holder and aligned to the
scattered light from the grating orders with the help of an xyz stage. The out-of-plane

grating orders can be observed in Fig. 4.24. The images were recorded by placing the

(@) )

@

Figure 4.24. Images of the out-of-plane orders for (a) fiber exposure design and (b) flood

exposure design.

structured fiber directly in front of the infrared camera. The signal from the diodes
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was amplified and sampled using a microcontroller. The transmitted light was coupled
back into a second fiber, which was attached to another xyz stage and positioned
approximately 100 um from the metasurface, resulting in a coupling efficiency of about
50 % (-3 dB) where about 3 % can be related to reflection losses. A photo of the setup,
showing the two fibers attached to two xyz stages and aligned to each other inside
the photodiode holder, is seen in Fig. 4.25. The unstructured fiber was connected to
a commercial in-line polarimeter (IPL). Since transmission through the optical fibers
affects the polarization of the light, the polarization at the metasurface polarimeter
and the in-line polarimeter were calibrated to the polarization set by the DPC using
a commercial free-space polarimeter (POL) and two manual polarization controllers
(MPC), which were placed on the fibers before and after the metasurface polarimeter.
First the MPC on the metasurface fiber was employed to calibrate the polarization at
the position of the metasurface to the DPC by removing the fiber attached to the IPL
and measuring the output polarization with the POL. Then the unstructured fiber was
aligned to the metasurface fiber and the polarization of the IPL was calibrated to the
DPC using the MPC on the unstructured fiber. A schematic of the measurement setup

are shown in Fig. 4.26 together with an illustration of the detector configuration.

4.7 Characterization of metasurface
polarimeters integrated on fiber facet

The Stokes vector of the incoming light was reconstructed using a linear transformation,
as described in chapter 2. The results are presented in Fig. 4.27, which shows the polar-
ization states measured by the metasurface fiber polarimeter, reference polarizations
measured by the deterministic polarization controller, and polarization measurements
using the in-line polarimeter; all represented on the same Poincaré sphere, viewed
from opposing angles. The discrepancy between the DPC and the IPL polarization
measurements is caused by inaccuracy in correction of polarization changes in the
fiber (a 3-dimensional rotation on the Poincaré sphere) and polarization-dependent
losses between the DPC and the IPL that causes a slight asymmetry of the polarization
measurements on the Poincaré sphere (stretched towards the polarization state with
the highest transmission [10, 32]). The root-mean-square error (RMSE) between mea-
sured and reference polarizations on all state-of-polarization parameters was around

0.006. Conversely, the RMSE for the device made using the flood exposure method
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Figure 4.25. Photo of the setup for polarization measurements with the fiber-based metasurface
polarimeter. The fibers (structured in bottom of image and unstructured in the top of the image)
are placed in fiber mounts and fastened on xyz stages. The two fibers are aligned to another inside

the 3D printed holder for the photodetectors.
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Figure 4.26. (a) A schematic of the measurement setup showing a fiber laser connected to a

deterministic polarization controller (DPC) with a 1550 nm single mode fiber. The nanostructured

fiber is connected to the output of the DPC and aligned to four photodiodes using a 3D-printed

holder (the semitransparent box). An optical fiber with an unstructured tip is aligned to the nanos-

tructured fiber to couple the signal into a commercial in-line polarimeter (IPL). The commercial

free-space polarimeter (POL) and the manual polarization controllers (the two small boxes on the

fibers) are used to ensure that all polarimeters are measuring the same polarization state. (b) The

configuration of the photodetectors is illustrated. The diodes are scaled down in size relative to

the fiber.
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Figure 4.27. Measurements of the polarization state depicted on a Poincaré sphere, viewed from

two opposite angles. Red dots are measurements using the metasurface polarimeter with the fiber

exposure design, blue dots are reference polarization states measured by the DPC. The open blue

circles are polarization states measured by the IPL.
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was around 0.004. The lower error with the flood exposure approach is expected, due
to an increased signal to the detectors. The improvement in error is, however, to a
certain degree compensated by an improved polarization sensitivity of the polarization
analyzers belonging to the device using the fiber exposure method. The RMSE obtained
with the fiber-based metasurface polarimeters corresponds to the same level of precision
that was obtained with 4-output metasurface polarimeters fabricated on fused silica
wafers (see appendix A7), implying that transferring the metasurface to the tip of a fiber
does not deteriorate the performance of the polarimeter. Furthermore, the presented
accuracy is obtained with a power at each photodetector of less than 1 % of the input
signal. These results show that the template stripping transfer lithography method is an
effective method for fabricating high quality optical componts and they suggest that a
fiber-based metasurface in-line polarimeter is a viable alternative to in-line polarimeters
based on, e.g., pairs of tilted fiber Bragg gratings separated by birefringent fiber sec-
tions. The presented transfer technique may be useful for sensor applications, such as
fiber-based surface-enhanced Raman scattering probes and surface-plasmon-resonance
sensors. By including active alignment of the silicon wafer base, the future prospect of
the technique also includes integration of wavefront shaping elements like flat lenses
and g-plates (spin-to-orbital angular momentum converters) directly onto the fiber facet.
Furthermore, the demonstration of multiple-layer hybrid polymer structures opens for

fiber-based devices with several consecutive layers of metasurfaces.
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Conclusion and future aspects

An in-line metasurface polarimeter that relies on a simple and compact design consisting
of an ultrathin polarization-analyzing element and four or six photodetectors has been
demonstrated. As there is no need for optical elements between the metasurface and the
photodetectors, low-cost fabrication of extremely compact polarimeter devices or device
arrays is made possible. The accuracy of the metasurface polarimeter in the current
design was shown to be close to commercial in-line polarimeters, establishing the
metasurface polarimeter as a fully viable alternative to existing solutions. The current
polarimeter design was demonstrated to work in the wavelength range 1510—1610 nm
for both the in-plane and the out-of-plane designs. Experiments and simulations suggest
that the out-of-plane design has a larger bandwidth. Also, it is better suited for practical
applications because a larger metasurface area solves alignment problems without
causing additional rescattering and absorption losses. The in-plane design, however,
offers a lower error, especially on the SOP. Sources of error in the polarization response
of the metasurfaces were analyzed and it was shown that the improvement of analyzer
vector position of the 6-output device provides an improvement in the accuracy of the
polarimeter. An analytical model for prediction of the polarization with maximum
systematic error for a known error source was presented and compared with good
accuracy to numerical simulations. In summary, the new polarimeter design promises
excellent accuracy, compact design, potential for low-cost mass production, and the
possibility of modifying the structure (in conjunction with suitable photodetectors)
to address wavelength ranges well beyond the one presently investigated. A future
project may include the fabrication of large area metasurfaces to study the influence
of geometric variations of nanoantennas on the polarization response and sensitivity
of the polarimeter to angle deviation. Another project could be integration of the

photodetectors and metasurface on the same chip. The deep learning approach to
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improving the metasurface polarimeter was very promising, and is not limited to
polarimeters. These results indicate that prospects of creating new optical devices or
improving the functionality of existing devices using machine learning are very good
and optical solutions based on machine learning are worth pursuing further.

A new transfer-lithography process based on template stripping for nanostructuring
of optical fiber facets has been presented. The applicability of this novel approach
has been demonstrated by transferring a 4-output metasurface polarimeter onto the
facet of a single-mode telecom fiber. The results show that the performance of the
metasurface polarimeter is not negatively affected by the transfer from a wafer to
an optical fiber. The template stripping transfer lithography method is therefore a
comprehensively applicable method for the fabrication of high quality optical elements
and devices. The metasurface polarimeter-on-a-fiber is an excellent candidate for
telecommunication applications with exceptional stability and compactness and no
subsequent pigtailing requirements. The presented transfer technique may also be
useful for sensor applications, such as fiber-based surface-enhanced Raman scattering
probes and surface-plasmon-resonance sensors. By including active alignment of
the silicon wafer base, the future prospect of the technique also include integration
of wavefront shaping elements like flat lenses and g-plates directly onto the fiber
facet. Furthermore, the demonstration of multiple-layer structures opens for fiber-based
devices with several consecutive layers of metasurfaces, like wavelength filters. A
future experiment that could be interesting to explore, especially for the flood exposure
method, is the replacement of the template stripping of gold with a sacrificial layer,
e.g. aluminium, which is etched away to release the nanopattern. Another interesting
future endeavor could be the joining of the patterned fiber with the receiving fiber
end-to-end. This is a process that could easily be performed with the UV-curable hybrid
organic/inorganic polymer used in the present work. It would, however, require a

solution where the detectors are integrated either on the metasurface or the fiber.
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Appendix

A1 Finite-difference time-domain simula-
tions in FDTD Solutions

FDTD simulations of the scattered field from gold nanorods are performed in the
photonic simulation software “FDTD Solutions” from Lumerical using a “Total field
scattered field” (TFSF) source. An example of a setup in FDTD Solutions is shown
in Fig. Al.1. The simulated structure (a single gold nanorod) is shown in the center.
The source is a plane on one side of the rod, depicted by a set of arrows, from which
a plane wave propagates. The purple arrow illustrates the direction of propagation
and the blue arrow shows the polarization of the wave. The grey box, which is also
related to the source, defines the TFSF region. Inside the box, there is the total field,
i.e. the incoming wave and the scattered field. Outside the box, the incident wave is
subtracted from the total field so that only the scattered field remains. Therefore, to
measure the power of the scattered field a monitor must be placed outside the grey box.
The monitors are the yellow boxes and rectangles. In the example of Fig. Al.1 two
simulation boxes are placed outside the TFSF region: a scattering box and transmission
box. The scattering box measures the scattering cross section, which is the scattered
power divided by the source intensity. The transmission measures the normalized total
power in the scattered field. The simulation region, which is the orange frame, is
surrounded by non-reflecting boundary conditions (PML). Since, in experiments the
antennas are completely embedded in BCB, the background refractive index is defined
as 1.535. A commonly used model of the gold properties is built on data from Johnson
and Christy [132]. However, many of the simulations presented in this work use data

from E. Palik [133], since it is more precise at near-infrared wavelengths.
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Figure Al1.1. Setup of a simulation of a single nanorod in FDTD Solutions. The red area
illustrates the fully absorbing boundary conditions, the yellow boxes and lines are the monitors,
the grey box sets the source plane and the region for the total field (and scattered field), the
magenta arrow is the direction of the source wave, the blue arrows shows the polarization of the

wave, and the red box is the region where the mesh size is set manually.
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A2 Nearfield coupling versus row distance

The analytical model presented in Chapter 2 does not take into account nearfield
coupling between antennas. Nearfield coupling may however affect the polarization
response of a real-life polarimeter. There is no nearfield coupling between columns,
since the minimum column distance of the metasurfaces fabricated in this work is
3/4A (the out-of-plane design). The nearfield coupling is negligible at these distances.
However, there is nearfield coupling between rows as seen in Fig. A2.1, where the
electric field scattered from two antennas with varying row distances is simulated in
lumerical (red dashed curve). These simulations are compared with the sum of the
electric field for two simulations, where the antennas are simulated one at the time
(blue curve). It is seen that in Fig. A2.1a and b, there is a difference in the amplitude
as well as the phase. The row distance needs to exceed A /2 for the nearfield coupling
to completely disappear. However, a phase change on both columns will not affect the
polarization response of the polarimeter and row distance of the polarimeters fabricated
in this work was therefore kept at A /4 to increase the intensity of the scattered light

relative to larger row distances.
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(a)

0.4

Near field coupling: 200nm row dist

(b)

Near field coupling: 252nm row dist

031

Ex [arbitrary units]

upper+lower antenna
— — both antennas

0.4

Ex [arbitrary units]

— upper+lower antenna
— — both antennas

=

(c)

Near field coupling: 504nm row dist

y distance [pm]

(d)

Near field coupling: 600nm row dist

1 2 3 4

o

y distance [1m]

0.4 T 0.4 T

—— upper+lower antenna upper+lower antenna
03l — — both antennas J 03l — — both antennas J
0.2r q 02r 1

011

x

0.2

-03

0.1

E_ [arbitrary units]
o

x

011

011

E_ [arbitrary units]
o

-0.4

y distance [pm]

-0.4

-3 -2

1

0

y distance [p:m]

1 2 3 4 5

Figure A2.1. FDTD simulations of the scattered electric field (E,), from a “column” consisting

of two antennas rotated 45° from the x-axis (parallel to the column), propagating in the direction

of the y-axis (in the plane of the metasurface perpendicular to the antenna column). The blue

lines are the results of the sum of two simulations, each simulation containing only one of the

two antennas. The red dashed lines are simulations containing both antennas. (a) The row

distance between the antennas is 200 nm. (b) The row distance is 252 nm corresponding to A /4

in BCB, where Ay = Angcp = 1550 nm is the design wavelength. (c) Row distance is 504 nm

corresponding to A /2. (d) Row distance is 600 nm.
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A3 Angle Dependence

The polarization response of the metasurface polarimeter is dependent on angle of
incidence. Consider a plane wave propagating towards a metasurface consisting of
antenna arrays arranged in a fishbone pattern as presented in chapter 3. If the angle
(v) of the incoming wave deviates from normal incidence as shown in Fig. A3.1, the
wavefront will reach the left antenna column before it reaches the right antenna column.
This means that the effective distance between antenna columns will be larger than the
physical distance (S) for the scattered field travelling to the left whereas the effective
distance between antenna columns will be smaller than the physical distance for the
scattered field travelling to the right. The effective distance is given by S =+ sin(v).
Therefore, both the wavelength and polarization response will change with the angle of

incidence as illustrated with FDTD simulations shown in Fig. A3.2.

Antenna

Incident light
wavefront

Figure A3.1. Schematic of incident light at an angle. The dashed lines illustrate the distance the

scattered light from the left antenna column has travelled when the wavefront reaches the right

antenna column.
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Figure A3.2. Radiation patterns of a 5-column metasurface with elliptically polarized light,

(y,6) = (m/4,m/4), with a deviation (counterclockwise) from normal incidence of (a) 0°, (b) 1°

(c) 2° (d) 3°. When the angled patterns (b)-(d) are compared to the pattern with normal incidence

(a) or Fig. 3.7a, it is seen that the left lobe (at 180°) of the angled patterns at 1550 nm (red

curve) behaves like low wavelength patterns in (a) whereas the right lobe (at 0°) behaves as long

wavelength patterns.
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A4 3D printing

For the fabrication of wafer-based metasurface polarimeters, holders were 3D printed
to align together the sample, detectors, and fiber connector in a compact package, see
section 4.1. The holders were drawn in Inventor from AutoDesk. Four different designs
were made, for four and six outputs, both for in-plane and out-of-plane configurations,
see Fig. A4.1. The shape of the out-of-plane samples are not critical and they are
cut to 12mm X 12 mm or 15 mm X 15 mm squares. The in-plane samples must be cut
perpendicular to the direction of the scattered light and the holders are therefore shaped
to fit the more irregular shapes of the in-plane samples. Figure A4.2 illustrates a sample
with a 4-output metasurface fitted in a holder. The 3D printing was performed using
a Form 1+ 3D printer from Formlabs, which uses the stereolithography method. In
stereoligraphy a UV-sensitive liquid resin is polymerized by a laser that scans the resin
basin and selectively hardens the material, one cross section at a time, to build the 3D
structure from the bottom to the top. The stereolithography method is more expensive
than the traditional fused filament fabrication where a movable extruder heats a filament
and turns the flow on and off, but the advantage of the stereolithography method is that it

is more accurate and therefore better suited for the fine alignment of optical equipment.
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(a) (b)

Q
,H ]
Dol
)

ey

(c) (d)

Figure A4.1. 3D Inventor drawings of the polarimeter holders, shown in .dwg (AutoCad) format.

(a) 4-output, in-plane. (b) 4-output, out-of-plane. (c) 6-output, in-plane. (d) 6-output, out-of-
plane.
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A\

Figure A4.2. Illustration of a fused silica sample in a 4-output 3D printed holder. Arrows
illustrate direction of scattered light and the red structure illustrates an (oversized) metasurface on

a diced chip.
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A5 Analyzer matrix dependence of wave-
length

The sensitivity of the metasurface polarimeter to wavelength variations is shown in
Fig. 4.7 as normalized analyzer vector positions on a Poincaré sphere and polarization
ellipses. The corresponding 2D plots of individual normalized SOP parameters are
shown in Fig. A5.1.
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Figure A5.1. Analyzer vector wavelength dependence of a 6-output metasurface polarimeter
measured in out-of-plane configuration from 1530— 1565 nm in steps of 0.2 nm. The analyzer
vector polarizations are shown as 2D plots of the normalized state of polarization (SOP) parameters
versus wavelength. (a) Polarization states corresponding to the red circles in Fig. 4.7a and the
top/left polarization ellipses in Fig. 4.7b, (b) yellow circles in Fig. 4.7a and bottom/left in Fig. 4.7b,
(c) green circles in Fig. 4.7a and the top/middle in Fig. 4.7b. (d) Cyan circles in Fig. 4.7a and the
bottom/middle in Fig. 4.7b, (e) blue circles in Fig. 4.7a and the top/right in Fig. 4.7b, (f) black
circles in Fig. 4.7a and the bottom/right in Fig. 4.7b.
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(a) (b)

Figure A6.1. Optical microscope images of cured OrmoClear polymer large aspect-ratio core-

extensions on the facet of a single-mode optical fiber.

A6 Hybrid Polymer on Fiber

In chapter 4 a UV-curable organic/inorganic hybrid polymer (OrmoComp) was used as
a means to transfer the metasurface to a fiber facet. With the fiber exposure method a
polymer rod was formed from the core of the fiber to the surface of the sample. This
technique could be used in many other applications than transfer lithography. For
example, if the tip is immersed in a hybrid polymer drop of relatively large volume
keeping the tip far from the surface and exposed with UV-light through the fiber, then the
result is a very long thread of cured polymer. The best results are obtained with another
hybrid polymer, OrmoClear®, from the portfolio of UV-curable hybrid polymers from
micro resist technology, see Fig. A6.1. The images show the strength of the self-guiding
effects in the cured polymer rod. The cured polymer fiber seems to have a quite
homogeneous diameter and an application for this technique could be waveguides that
connects the signal from an optical fiber to waveguides on a wafer for integrated optics.
In the transfer process the growth of the cured polymer rod is terminated at the
silicon sample. Therefore, the end of the rod is flat. Figure A6.2 shows the case when
the curing is stopped before the rod reaches a surface. The end of the polymer rod is
now a rounded tip. Furthermore, it is seen that when gold is deposited on the polymer,
gold nanowires are self-assembled on the polymer tip. The same phenomenon can be
observed in Fig. 4.22b. This effect could be optimized for use in applications like SNOM

(scanning near-field optical microscopy) tips or surface-enhanced Raman spectroscopy.
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Figure A6.2. Electron micrograph of short OrmoClear polymer rod on a fiber facet with a 20 nm

layer of gold.
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A7 Polarization measurements to compare
performance of fiber-based polarimeter
with wafer-based polarimeter

In section 4.7 it is stated that the precision of the fiber-based polarimeter were on the
same level as the precision of the wafer-based polarimeter. Figures A7.1 and A7.2
shows 2D plots of polarization measurement of a 4-output wafer-based polarimeter
measured in out-of-plane configuration and fiber-based polarimeter measurements for
comparison. The root-mean-square error (RMSE) between polarization states measured
by the wafer-based metasurface polarimeter and reference polarization states for the
wafer-based polarimeter is 0.005. This is the same level of precision as with the fiber-
based polarimeter, which is 0.004-0.006. It should be noted, however, that the variation
in the position of the analyzer vectors between the three devices affects the error. Also
the variance of the measured intensities, caused by electronic noise, is higher for the

wafer-based metasurface polarimeter.
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Figure A7.1. Polarization measurements at a wavelength of 1550 nm using a wafer-based 4-
output metasurface polarimeter measured in out-of-plane configuration. Each subplot contains
one element in the Stokes vector. The first subplot is the power of the incident light, which
is proportional to Syp. The three last subplots are the parameters characterizing the state of
polarization (SOP), s1 — s3. The red circles are the polarization measurements of the metasurface
polarimeter, the blue dots are the reference polarizations set by the deterministic polarization
controller (DPC). Error on the reference polarization measurements is not depicted on the plot,

since the size of the error bars would be smaller than the size of the marker.
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Figure A7.2. Polarization measurements at 1550 nm using (a) the fiber-based flood exposure

metasurface polarimeter and (b) the fiber-based fiber exposure metasurface polarimeter.
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1. Introduction

Polarization is a property of light that describes the vectorial nature of its electric field
oscillations. Stokes polarimeters are devices that measure the four Stokes parameters
describing the state and degree of polarization of a light beam. The polarimetric information
is crucial in a large number of applications. In materials characterization the measurement of
polarization is used, e.g., to determine film thickness and refractive index [1]; in
telecommunication it is used to monitor effects such as polarization-mode dispersion,
polarization-dependent loss, and polarization dependent properties of optical devices [2]; in
remote sensing the polarization information allows to distinguish between surfaces of
different structures, remove clutter and image through dust and clouds [3]; in chemistry and
biotechnology, polarization is used to measure the concentration and/or purity of optically
active substances (such as sugars and antibiotics) using angle of rotation or evanescent chiral
sensing [4], or to detect cancer or glaucoma in the human eye [5,6], to name a few examples.
Due to the 4-dimensional nature of the Stokes vector, a complete Stokes polarimeter performs
at least four intensity measurements. This can be realized in a number of different ways. One
of the most common methods is the time-sequential approach, where measurements are
separated over time, generally employing a single detector. Such polarization analysis can be
carried out using mechanically rotating [7,8] or oscillating waveplates [9], or photoelastic
modulators [10]. Products based on all three different approaches are available on the market.
None of these configurations are signal-saving and, since the measurement is spread over
time, such devices have a limited sampling rate. Another method is division-of-amplitude,
where the beam is split up and measured simultaneously using several detectors, e.g. by
employing a sequence of beamsplitters and waveplates [11,12]. Signal saving polarimeter
designs using the division-of-amplitude method can be realized by employing polarization
state analyzers that use only a small fraction of the incident light intensity to measure its
polarization [13]. A modern-day example of this configuration is the in-line fiber polarimeter,
where two or more polarization-dependent tilted fiber Bragg gratings, separated by a fiber
quarter-wave plate, split off a small proportion of the transmitted optical power to four
photodetectors [14]. The in-line fiber polarimeter offers a higher sampling rate than the time-
sequential method. Some of the measurement accuracy is sacrificed by only measuring a
fraction of the signal intensity. However, the accuracy of most commercial in-line fiber
polarimeters still lies in the same range as their signal-terminating counterparts. Due to cost,
speed or space limitations, the abovementioned solutions are inappropriate for many
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applications such as parallel monitoring of polarization of a large number of channels in
optical networks. Furthermore, none of the in-line polarimeters preserves the polarization of
the incident light.

Metasurfaces are two-dimensional optical nano-structures that enable the tailoring of the
amplitude, phase or polarization of light using dense arrays of sub-wavelength scale optical
antennas [15]. In addition to displaying interesting optical phenomena, such as negative
refraction and near-zero permittivity or permeability [16,17], metasurfaces also provide a
promising platform for simplifying and miniaturizing existing optical components [15,18,19].
In 2016, we presented the concept of a metasurface-based in-line polarimeter [20]. Using a
laboratory setup, we demonstrated that all four polarization state analyzers of a Stokes
polarimeter could be combined in a single-layered array of sub-wavelength nanoantennas.
The ultra-compact design of the metasurface polarimeter, combined with its non-destructive,
polarization-preserving features, allows for applications such as feedback-driven polarization
generation and large-scale online polarization monitoring in optical communication. In
addition to the ultra-compact design that allows for planar integration, the benefits of the
metasurface polarimeter include a detection-limited response time, simple and versatile
design that can be tailored for operation across a wide range of wavelengths simply by
changing the dimensions of the metasurface structure, increased robustness and reduced costs
due to the replacement of moving parts and optical components like waveplates with
structures produced by conventional lithographic process technology. In the present paper, we
provide analysis and comparison of two configurations of packaged fiber-coupled polarimeter
devices based on the metasurface principle.

2. Polarimeter design

The four-port metasurface polarimeter is described using the mathematical formalism of the
polarimetric measurement and analysis of a standard Stokes polarimeter, see [12,20], where
the four power measurements and the incident polarization are related by the analyzer matrix

P=MS (1)

where P is the measured power from each of the output channels and M is a 4x4 matrix with
each row containing an analyzer vector that characterizes one polarization analyzer [21]. S is
the Stokes vector of the incoming light given by

S, 1
S s
s=|" = pIs, @)
S, pls,
S, Pls;

where [ is the incident light intensity, p is the degree of polarization (DOP), and s,-s; is the
state of polarization (SOP) represented as a point on the surface of the Poincaré sphere.
Calibration of the polarimeter devices was carried out by determining the analyzer matrix
from a set of (usually 80) individual reference measurements, using the method described in
[22].
The metasurface described in this section consists of arrays of metallic nanorods. A
graphical representation of the metasurface design is seen in Fig. 1(a).
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Fig. 1. (a) Graphical representation of the metasurface design. The metasurface consists of
columns of sub-wavelength spaced nano-antennas. The antennas in each column are rotated
90° relative to the antennas in the neighboring column. The distance between every second
column is twice the resonance wavelength, 2, and the distance between two column-pairs is
ho(1 + 1/8). The red antenna columns are arranged in a pattern identical to the blue design
except from a 45° rotation relative to the blue antenna columns. The height of the antennas are
2 times larger than their designed proportions for visual purposes. (b) Geometry of a phased
array with two elements with individual orientation (¢; and ¢) in the xy-plane. The point of
observation (P) is established by the angle 6. One antenna (n = 1) is placed in origo and the
other antenna (n = 2) is positioned at (0, S, 0). The direction of the unit vectors in Eq. (3) is
shown on the figure. Incident light is parallel to the z-axis.

A metallic nanorod can be modelled as a thin optical dipole antenna. Consider
electromagnetic radiation that has a wavelength corresponding to the resonance wavelength
of the nanoantennas and is normally incident on the antenna. The antenna then emits radiation
as long as the incoming light contains a component of polarization along the long axis of the
rod. The far-field radiation pattern of a nanoantenna with length less than a wavelength can be
modelled reasonably well as a short dipole. If identical antennas are placed in a
subwavelength-spaced 1-dimensional array, the azimuthal radiation pattern is constant along
the array. Two parallel columns having antennas rotated + 45° from their column axis in a
fishbone pattern will scatter most efficiently two orthogonal linear polarization components
of an incident electromagnetic field [23]. Therefore, the antennas will emit an interference
pattern similar to the radiation pattern of a phased array with two elements. The interference
pattern depends on the polarization of the incoming wave and the distance between the two
columns. The distance between the two columns can be tuned to fit the phase difference
between the two orthogonal components of a preferred incoming polarization to obtain a
maximum of scattered field intensity in the directions of interest for that particular (generally
elliptical) polarization state. The array factor of a two-pair column is given by [20,24,25]

A= +®,], = [cos(qﬁl )& — sin(q)l)sin(e)ﬂcos(y/) + (3)
[cos(q)z )% —sin(g,) sin(a)é] sin(y)e’ @)
where
1, = cos(y), 1, =sin(y)e”

are the excitation currents for each antenna and

@, = cos(9, )% —sin(g,)sin(6)8 e
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is a vector that describes the radiation as a function of the spatial orientation of the n™ dipole
for n =1, 2. y and & describe the polarization of the incoming light using the Jones vector
model of polarization in complex number representation. y is related to the amplitudes v =
arctan(E,/Ey) and  is the relative phase difference. k = 2n/A is the angular wavenumber of the
incoming wave. The position of the first dipole (n = 1) is in origo. S is the distance between
columns and the azimuthal angle 0 is the angle in the yz-plane between y-axis in the sample
plane and the axis from origo to the point of measurement P. The x-axis is parallel to the
column axes and ¢, is the rotation of the n™ dipole away from the x axis in the xy-plane
normal to the incident light. X is a unit vector parallel to the x-axis, and 9 is a unit vector in
the angular tangential direction associated to the rotation of 6. The choice of excitation
current restricts the dipoles to be perpendicular to each other, i.e. | — ¢;] = 90°. A sketch of
the geometry of an individually rotated two-element array is shown in Fig. 1(b) and radiation
patterns for 4 different input polarizations are shown in Fig. 2, with S = Ao(1 + 1/8) and ¢, ==
45°. A is the resonance wavelength of the dipole antennas.

(a) (b)
Y =nl4, §=-nl4 Y=nl4, §=-nl2
20° o

90

Fig. 2. Radiation patterns of two nanoantennas oriented perpendicularly to each other ( + 45°)
for different polarizations of the incoming light. The blue line is |A* vs 0 in the yz-plane (see
Fig. 1(b)) normalized to unity using the analytical model Eq. (3), the red dashed line corrects
the analytical model for mutual coupling and the green line is [EP* vs 0 normalized to unity
using a finite-difference time-domain (FDTD) simulation. (a) is elliptically polarized light with
(y, 8) = (n/4, -n/4), (b) is circularly polarized light, (c) is linearly polarized light at 45°, and (d)
is vertically polarized light.

The inter-antenna distance S = Ay(1 + 1/8) is designed to maximize the array factor Eq. (3)
at 0 = 0° and 6 = 180° (in-plane output) for elliptically polarized light with y = /4 and 6 =+
/4. Tt is seen that the analytical model fits very well to a finite-difference time-domain
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(FDTD) simulation of two gold antennas with dimensions of 250nm x 50nm % 20nm.
Correcting the analytical model for mutual coupling improves the fit even further. The
radiation pattern is left/right asymmetric for all elliptical/circular polarizations, as a result of
the difference in phase between the two linear orthogonal components of the incoming light’s
polarization state. The polarization for which the measured power of the scattered field in a
given direction (proportional to |A|?) is maximal corresponds to the analyzer vector. At 6 = 0°
or 6 = 180° the second term in @, vanishes and a signal contrast of 100% on each detector is
possible. In the case where 0 is 60° or 120°, ®, and ®, will no longer be equal and a
theoretical polarization-dependent contrast of only 25% of the overall signal is possible.

(a) (b)

IE2vs 6 inYZplane | 1.6465um
90° —1.6177 um
a-13 —1.5627 ym

—1.5221 ym
1.4879 ym

150°

180°

210°

240°
270° 270°

Fig. 3. (a) Wavelength dependence of the finite-difference time-domain (FDTD) simulated
radiation pattern, |E[* versus 0 in the yz-plane, of a metasurface consisting of five column-pairs
of + 45°-oriented antennas. Incoming light is elliptically polarized with (y, 3) = (n/4, -n/4). (b)
Diffraction pattern of a meta-grating with N =2 and d = 2, using Eq. (4), |Gx[* versus 8 in the
yz-plane, plotted versus different wavelengths. Equation (4) isolates the meta-grating’s
contribution to the array factor. The plot illustrates that the meta-grating is responsible for the
difference in sensitivity to wavelength fluctuations between the in-plane and the out-of-plane
design.

Repeating the column-pairs in an array of 2N + 1 elements with a period of d = 22X, will
form a meta-grating that covers a larger area and results in a highly directional intensity
distribution. To account for the repeated column-pairs the array factor is multiplied with [20]

N
GN — Z ein/:dcus(ﬂ) (4)
n=-N

In our case, the interesting angles for measurement are the first and second orders of the
grating, corresponding to azimuthal angles 0 in the yz-plane (see Fig. 1) of 0°, 180° and 60°,
120°, as illustrated in Fig. 3. Figure 3(a) is a plot that shows FDTD simulations of a full
metasurface containing five column-pairs and the same S and antenna dimensions as in Fig. 2.
Equation (4) is plotted in Fig. 3(b) at different wavelengths and shows the effect of the meta-
grating alone.
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Fig. 4. The four analyzer vectors of a complete Stokes polarimeter depicted on the Poincaré
sphere. It is seen that the four polarizations span a volume in SOP space and it is therefore
possible to distinguish between the intensity and the DOP.

The four analyzer vectors in the analyzer matrix are defined in a manner analogous to
Stokes vectors and they form a basis for the SOP space. If using the four angles of the two
grating orders mentioned above the basis will be incomplete and it will not be possible to
measure the full SOP. Furthermore, a complete polarimeter that measures the intensity and
SOP as well as the DOP needs to have analyzer vectors that span a volume in SOP space [20].
These problems are solved by superimposing another column-pair grating at a 45° angle
relative to the first. A distance of S = Ay(1 + 1/4) and an out-of-plane measurement of the first
column-pair grating would theoretically result in an analyzer vector with two elliptically
polarized states, (y, 8) = (n/4, + 3n/4). Measuring the second column-pair at 0° and 60° would
produce an analyzer vector with a circularly polarized state (v, 8) = (n/4, n/2), and another
with an elliptically polarized state (y, 3) = (n/4, —31/4), see Fig. 4. However, out-of-plane and
in-plane measurement comes with different traits, so here we will focus only on purely in-
plane or out-of-plane designs. The in-plane metasurface polarimeter is designed with two 45°
superimposed column-pair gratings and distances of S = Ay(1 + 1/8) to obtain (ideally) the
best basis for a four-output polarimeter with the constraint that the analyzer vectors consists
of two pairs of vectors mirrored about the equator of the Poincaré sphere [12]. Figure 5 shows
schematics of a full metasurface, with two superimposed columns-pair gratings, each grating
consisting of 5 column-pairs. The arrows illustrate the direction of the incoming light and
direction of the scattered light of interest for in-plane and out-of-plane measurements. Figure
5(a) shows the in-plane design and Fig. 5(b) illustrates the out-of-plane design. Theoretically,
the analyzer vectors of these two designs do not span a volume in SOP space, but deviations
of the analyzer vectors caused by antenna interactions, geometric deviation, internal
reflections and/or wavelength dependence are nevertheless large enough to distinguish
between changes in DOP and intensity. The in-plane design is well suited for coupling the
scattered radiation directly to planar waveguides and could therefore be advantageous in an
on-chip polarimeter array design. Furthermore, the signal contrast Eq. (3) and the maximum
power to the detector at the designed wavelength (Fig. 3(a)) are larger. The out-of-plane
design shows less wavelength dependence, which is mainly an effect of the meta-grating as
seen in Fig. 3(b). Furthermore, there are no rescattering or absorption losses in the out-of-
plane design, since the scattered field does not propagate along the plane of the metasurface.
There is therefore no limit to the overall size of the metasurface, making alignment with the
incoming light beam a simpler task.
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Fig. 5. Schematics of a metasurface polarimeter showing the geometry of the antenna structure
placed onto a transparent substrate. (a) The black arrows represent the directions of scattered
light, propagating in the plane of the sample surface. (b) The black arrows indicate the angles
that can be used for out-of-plane measurements. The scattered field intensity is measured
behind the sample (seen from the perspective of the light source). The red arrows illustrate the
incident light beam and the light transmitted through the sample.

3. Experiments and results

The arrays of nanoantennas forming the metasurface were fabricated on fused silica
substrates. The metasurface structures were patterned using electron beam lithography, gold
deposition and lift-off. The resulting nanorods have a thickness of 25 nm, width of
approximately 50 nm and a length of 250 nm (approximately 1/4 of a wavelength) and are
embedded within a 25 pum layer of dielectric (BCB polymer) for protection. The full
metasurface covers an area of 100 um x 100 um. Scanning electron micrograph (SEM)
images of the metasurface is seen in Fig. 6. In the case of in-plane detection, the substrate was
diced such that the substrate edges were perpendicular to the direction of the four scattered
light directions. The substrates were fitted into a 3D-printed holder that aligned the sample
with four individual TO-canned PIN photodiodes. Another 3D-printed holder was made for
the different positions of the detectors in the out-of-plane design. One half of a fiber mating
sleeve was used to align a fiber connector to the metasurface, as shown in Fig. 7. This
compact polarimeter, consisting of the metasurface chip, a 3D-printed holder, four
photodetectors, and one half of a mating sleeve, demonstrates that the polarimeter can be
realized without any optical elements between the metasurface and the detectors. This is an
important step towards extremely compact polarimeters that integrates detectors on the
metasurface chip. A schematic of the setup is seen in Fig. 8. 1510nm—1610nm light from a
tunable laser was coupled into a deterministic polarization controller (DPC) and directed to
the metasurface. The optical fiber between the DPC and the sample inevitably changes the
polarization of the light. Therefore, the polarization of the light transmitted through the
sample was additionally measured using a commercial free-space rotating-wave-plate
polarimeter. A manual polarization controller was used to ensure that the DPC and the
rotating-waveplate polarimeter registered the same polarization state. The output signals from
the four detectors on the metasurface polarimeter were fed through an amplification circuit
and measured in photoconductive mode. A microcontroller collected a 300-sample set from
the four photo-detectors at a rate of 1 kHz. This sampling rate is limited only by the
electronics. Approximately 25% of the input power is lost in the metasurface at 1550 nm due
to absorption and scattering. A maximum of 0.4% of the total incoming power is scattered to
each photodetector.
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Fig. 6. Scanning electron micrograph (SEM) images of the fabricated metasurface showing the
total metasurface structure. Inset: zoom-in of the metasurface displaying the individual
antennas of the array.
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Fig. 7. Images of the in-plane metasurface polarimeter (a) and the out-of-plane polarimeter (b).
The incident light enters each device through the optical fiber which is placed in contact with
the sample perpendicular to the metasurface. The transmitted light exits through a hole in the
back of the 3D holder. Four TO-canned photodiodes are glued into each holder.
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Fig. 8. A sketch of the experimental setup. Light from a tunable fiber laser is coupled through a
standard single mode fiber to a deterministic polarization controller. A 3-paddle polarization
controller corrects for polarization changes caused by the fiber. The optical connector is placed
in contact with the sample by using half of a mating sleeve. A commercial polarimeter is
placed behind the sample. Four photodiodes are fitted onto the sample holder and the measured
signal is picked up by a microcontroller.
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Fig. 9. Polarization measurements at 1550 nm using a device with in-plane design. Each
subplot contains one element in the Stokes vector. The first subplot is the power of the incident
light, which is proportional to S,. The next three subplots are the parameters characterizing the
state of polarization (SOP), s;-s;. The blue dots are the polarization measurements of the
metasurface polarimeter, the red dots are the measurements of the deterministic polarization
controller (DPC) for comparison. The error bar is the root mean square error (RMSE) giving a
measure of the deviation between the two data set, note the 10x change in scale on the y-axes.
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A number of polarization measurements were performed and the results were compared to
the polarization state specified by the DPC, using the calibration procedure mentioned in
Section 2 [22]. Each metasurface polarimeter was tested at several wavelengths. One set of
measurements performed at a wavelength of 1550 nm is shown in Fig. 9 using a device with
the in-plane design. Figure 10 shows the root-mean-square-error (RMSE) for both the in-
plane and out-of-plane design at several wavelengths. In both cases, a design with antenna
column spacing of Ay(1 + 1/8) was used. The device calibration was repeated for each
wavelength, since the polarimeter response is substantially wavelength-dependent, as shown
in Fig. 3. The same metasurface polarimeter design can therefore be applied across a wide
range of wavelengths as long as the spectral information of the incident light source is known
a priori. As seen in Fig. 11 the wavelength-dependence is quite strong indicating that
broadband signals will be affected. Based on these measurements it will be necessary to
include wavelength calibration of the polarimeter when wavelength and linewidth is not
accurately known. Excellent agreement between the metasurface polarimeter and the DPC is
observed. The deviations shown in the figures are not far from the stated accuracy of the
state-of-the-art inline polarimeter (IPM5300) from Thorlabs (SOP: + 0.25° from 1510 nm—
1640 nm). For comparison, Table 1 shows RMSE of the SOP in spherical coordinates for
both in-plane and out-of-plane devices.

(a) (b)
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Fig. 10. Root-mean-square-error (RMSE) at wavelengths between 1510 nm and 1610 nm for
the in-plane device (a) and the out-of-plane device (b). Each of the columns represents one
state of polarization (SOP) parameter.

Table 1. Root-mean-square-error (RMSE) of state of polarization (SOP) parameters

In-Plane device

A (nm) Azimuth error Ellipticity error
1510 0.44° 0.23°
1550 0.48° 0.29°
1590 0.38° 0.23°
1610 0.54° 0.32°

Out-of-plane device

1510 0.19° 0.56°
1550 0.81° 0.80°
1590 0.24° 0.39°

1610 0.58° 0.91°
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Fig. 11. Root-mean-square-error (RMSE) of each state of polarization (SOP) parameter at
wavelengths between 1550.0 nm and 1550.3 nm for the in-plane device. In (a) the data of each
wavelength is calibrated individually. (b) shows the same measurements with the difference
that the calibration at 1550 nm is used on all four data set (the asterisks indicate the data set
that are not calibrated individually).

For the out-of-plane device, about 75% of the scattered light intensity is insensitive to the
incoming polarization. Therefore, this configuration is more sensitive to intensity than state of
polarization. In other words, the S, parameter is more accurate than the s;-s; parameters due
to the fact that the intensity element in the analyzer vectors are larger than the SOP elements.
Conversely, the in-plane device generally has a lower error on the SOP than the out-of-plane
device, because of the better polarization-dependent contrast and the larger power to the
detectors. The variation in error between measurements at different wavelengths is mainly
caused by wavelength variations of the analyzer vectors.

In [26], the deviation of the analyzer vectors from the theoretically predicted values are
very small. The four-output metasurface design, on the other hand, introduces much larger
deviations, as seen in Fig. 12. Especially deviations caused by antenna interactions are
expected to increase, due to the overlapping of multiple rows of nanoantennas. In order to
eliminate this effect, it might be necessary to place two (or more) superimposed metasurfaces
in different layers with a vertical spacing larger than the near-field interaction distance. As
seen in Fig. 12, the actual analyzer vectors of the in-plane device are very close to each other
on the Poincaré sphere. It is clear that a device with a basis for SOP space closer to the
theoretically predicted values will yield a lower measurement error. Therefore, it is expected
that with future design improvements, the accuracy of the metasurface polarimeter can be
made substantially better.

Fig. 12. Analyzer vector position on the Poincaré sphere for a device with (a) in-plane design
and (b) out-of-plane design. The analyzer vectors are normalized to unit length. Red dots are
the theoretically predicted positions. Blue dots are the measured positions.



Research Article Vol. 25, No. 23 | 13 Nov 2017 | OPTICS EXPRESS 28709

Optics EXPRESS 1 ™. AN

4. Conclusion

We have demonstrated an in-line metasurface polarimeter design that relies on a simple and
compact design consisting of only a single polarization-analyzing element and four
photodetectors. As there is no need for optical elements between the metasurface and the
photodetectors, low-cost fabrication of extremely compact polarimeter devices or device
arrays is made possible. The accuracy of the metasurface polarimeter in the current design
was shown to be close to commercial in-line polarimeters and further improvement of SOP
accuracy is certainly possible, establishing the metasurface polarimeter as a fully viable
alternative to existing solutions.

The current polarimeter design was demonstrated to work in the wavelength range 1510
nm — 1610 nm for both the in-plane and the out-of-plane designs. Experiments and
simulations suggest that the out-of-plane design has a larger bandwidth. Also, it is better
suited for practical applications because a larger metasurface area solves alignment problems
without causing additional rescattering and absorption losses. The in-plane design offers a
lower error, especially on the SOP.

In summary, our new polarimeter design promises excellent accuracy, compact design,
potential for low-cost mass production, and the possibility of modifying the structure (in
conjunction with suitable photodetectors) to address a wavelength range well beyond the one
presently investigated.
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ABSTRACT: Numerous optical devices can be conveniently described in terms of a transfer function matrix formalism. An
important example is the intensity-division Stokes polarimeter where four device outputs can be related to the four parameters of
the Stokes vector using a linear 4 X 4 matrix transformation. In the present paper, we demonstrate how the functionality of such
devices can be substantially enhanced by increasing the number of outputs and employing deep neural networks instead of the
traditional linear algebra approach to establish correlations between device outputs and inputs. Specifically, we employ a neural
network calibration of a metasurface-based intensity-division Stokes polarimeter with six outputs to accurately measure the four
parameters of the Stokes vector of the input light across a much wider wavelength range than is afforded by a canonical linear
transfer matrix model. Furthermore, the neural network model allows the device to determine the input wavelength from the
measured data. We argue that nonlinear machine learning models used to fit calibration functions in this way are able to capture
physical parameters that cannot be easily described using analytically derived models and that this approach is thus poised to
improve the performance of a broad variety of optical sensors.
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ecent breakthroughs in machine learning (ML) techniques
based on deep neural networks (DNNs) are transforming
many information processing tasks, including unprecedented
advances in game playing, computer vision and natural language
translation."”” At the same time, the basic concept of neural
networks has found its way into optical technology two or three
decades ago, with particularly striking applications falling into
the realm of optical information processing (via an optical,
rather than software, implementation of neural networks),”* as
well as into communications, imaging and spectroscopy.”’
Artificial neural networks represent a subclass of computa-
tional architectures that include a large variety of nonlinear
statistical models and learning methods, first originating in
attempts to simulate the human brain.*~'" The most widely
used neural networks define a mapping between a set of input
variables and a set of output variables, based on a sequence of
linear transformations followed by nonlinear activation
functions that form the layers of a network. It has been
shown that neural networks with a single hidden layer are
universal function approximators, ie. they can approximate

i 1 © 2018 American Chemical Society
~g ACS Publications
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continuous functions on a compact space. How to learn this
representation from data is a nontrivial subject and currently an
active area of research. In the case of regression, where the task
is to learn a functional mapping to a space of continuous target
variables, the general approach is to define a cost function
(most commonly mean squared error), and work toward
minimizing the cost while at the same time controlling for
overfitting. This is most often done using gradient descent
algorithms, which in the context of artificial neural networks is
known as backpropagation. Although neural networks and
backpropagation methods have been studied for decades,'" they
have recently shown great success and potential due to
increases in computing power and new techniques to make
the model learning tractable, notably when the number of
hidden layers is increased (“deep learning”). Previously, neural
networks have been used for a variety of signal processing tasks
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Figure 1. (a) Configuration of a 6-port metasurface polarimeter. Light exiting from the fiber passes through the metasurface layer where polarization-
dependent scattering takes place into six out-of-plane directions. (b) The configuration of gold nanoantennas for realizing a 6-output metasurface
polarimeter. (c) Orientation of the six experimentally determined device vectors depicted on the Poincaré sphere. The device vectors shown in blue

were used for operating the device as a 4-output polarimeter.

based on sensor and imaging data,'>" including object

recognition through diffuse media using speckle patterns."*

Traditionally in optical measurements, the reconstruction of
relevant information in the input light field has frequently been
carried out by determining the inverse of a transfer matrix T
(also referred to as the device matrix, instrument matrix,
analysis matrix or transmission matrix) that maps an input
vector S to an output vector I, where the latter typically consists
of a set of intensity measurements, ie. I TS."> The
determination of the matrix inverse is nontrivial in the presence
of experimental noise and the accuracy of the recovery of the
original signal depends on the properties of the device vectors
(rows of the device matrix).'®!” Numerous examples of such
transfer-matrix projections can be found in the litera-
ture."®'*~* Here, we will focus on intensity-division polar-
imeters as a convenient example of such projective optical
devices.

Recently, we have developed a novel in-line fiber-coupled
Stokes polarimeter that uses polarization-dependent scattering
from a single metasurface to cast the Stokes vector of the input
light into a number of intensity measurements.”*”’ Meta-
surfaces are essentially two-dimensional optical nanostructures

2683

that enable the tailoring of the amplitude, phase or polarization
of light,”® providing a promising platform for simplifying and
miniaturizing existing optical components.””*" Generally
speaking, a full Stokes polarimeter is a device that performs
measurements of all four Stokes parameters describing the state
and degree of polarization of electromagnetic waves as well as
their intensity. This is achieved using either a wavefront-
division, time-division or intensity-division approach.”’ An in-
line polarimeter performs such measurements by using only a
fraction of the light intensity to measure the full state of
polarization, preferably without significantly perturbing the
input polarization. In-line intensity-division polarimeters are
especially important for polarization generation and polar-
ization management in optical telecommunications. In order to
demonstrate the capability of our neural network calibration
model, we designed and fabricated a version of the metasurface
polarimeter having six intensity outputs, thus creating a system
where the dimensionality of the output vector exceeds the
dimensionality of the input vector.

In our previous reports, a linear transformation was used to
map four intensity measurements of a metasurface polarimeter
back to the Stokes vector of the incoming light.*® A distinct
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limitation of this approach is that the device matrix is highly
wavelength-dependent.”” Hence, polarization can only be
accurately determined if the input wavelength is within
approximately 0.1 nm of the calibration wavelength. This
limitation can, in principle, be addressed by deploying a highly
resolved look-up table containing device matrices for each
wavelength, provided also that the input wavelength is known
with sufficient accuracy. Given the potential size of such a table,
and that wavelength information may not be available, a
calibration method that enables wavelength-independent polar-
imetry within a given range is highly desirable. In the present
paper we show that the combination of six-output measure-
ment in a metasurface polarimeter and the use of DNNs can
provide for such wavelength-independent measurements across
our chosen range of 1530—1565 nm (telecom C-band). The
DNN-calibrated device simultaneously provides a measurement
of the polarization and the wavelength of the incident laser
light, with a wavelength prediction accuracy matching the
wavelength resolution of the training data set.

The fiber-coupled metasurface polarimeter (Figure 1(a)),
consisting of an array of metal nanoantennas, was fabricated on
a transparent substrate using a procedure described else-
where.”” An antenna configuration providing polarization-
dependent scattering into six out-of-plane directions (Figure
1(b)) was used, yielding six device vectors. The orientation of
the device vectors can be depicted on the Poincaré sphere as
shown in Figure 1(c). The measurement setup (Figure 2)

/o

)

Figure 2. Measurement setup, including tunable laser, deterministic
polarization controller, metasurface polarimeter and reference rotating
waveplate polarimeter.

consisted of a tunable fiber-coupled laser, combined with a
deterministic polarization controller (Thorlabs), producing
light with tunable input polarization, power and wavelength.
The metasurface was positioned at the output end of the fiber
and surrounded by photodetectors, as illustrated schematically
in Figure 1(a). The signal from the diodes was amplified and
simultaneously sampled from all detectors, using a micro-
controller. The device is signal-preserving in the sense that each
photodetector samples less than 1% of the input signal and no
internal manipulation of the input polarization is required. For
reference, the light transmitted through the device was
measured using a conventional time-division rotating-waveplate
polarimeter (Thorlabs). The investigated wavelength range
covered the full telecom C-band (1530—1565 nm) in steps of
0.2 nm. For each value of the incident wavelength, a set of 100
polarization measurements was collected; each corresponding
to a random polarization state. In order to eliminate artificial
correlations arising e.g. from polarization-dependent insertion
loss to the fibers, or depolarization in the system, the laser
power in the training set was randomized, varying between 1—3
mW. The setup was automated to allow rapid collection of the
large data sets required for neural network training with the
desired variation of input parameters. The full data set of
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17,500 points was randomly split into training/validation/test
sets in the ratio 3:1:1.

At a particular input wavelength, the underlying optical
physics determines that the relationship between the Stokes
vector and the metasurface outputs is given by a simple
projection, which is a linear transformation. We therefore
consider the accuracy of the polarization measurement obtained
using the device matrix for a given wavelength to represent a
benchmark of the irreducible error of the polarimeter device at
that wavelength. This error is related to instrument noise and
the configuration of the device vectors. We determine the
reference device matrices from the full sets of measured
polarization states at each input wavelength using standard
methods.”” For our neural network calibration we use neural
networks with one or more hidden layers where each layer is
fully connected, i.e. each node in a layer is defined by a linear
combination of all the nodes in the previous layer. Every node
in the hidden layers is activated with a nonlinear activation
function. In our case, we emgirically chose the exponential-
linear unit (ELU), defined as®

a(e* —1), ifx<0
ELU(x) =

x, otherwise,

¢V

with a = 1, as this resulted in less noisy training curves than
other commonly used activation functions. The models were
trained using the ADAM optimization algorithm.*®

The accuracy of Stokes vector predictions from the
metasurface polarimeter using different calibration models is
summarized in Figure 3. It shows the angular error of a single

102
H

10*

Angular error [°]

10°

1545 1550 1555 1560

Wavelength [nm]

1530 1535 1540 1565

Figure 3. Comparison of the angular error of Stokes vector prediction
using a linear transformation at each wavelength (LM(1), green
curve), a linear transformation without knowledge of wavelength
(LM,, blue curve), a linear model fitted at 4 = 1550 nm (LM, black
curve), and a neural network with 7 hidden layers of 32 units each
(NN, red curve).

linear model applied to data from the full wavelength range
(blue curve) as well as a model where the device is calibrated
only at 4 = 1550 nm (black curve), compared to the result of
using a separate linear model for each wavelength (green
curve). Calibrating the device at a single wavelength only yields
reliable results in a very narrow wavelength interval, while
trying to generalize a single device matrix to the full wavelength
range results in essentially random Stokes vector predictions
from the measured data. The angular error obtained when a
device matrix determined for each measured wavelength, on the
other hand, is around 1°, representing the irreducible error for
this particular metasurface, detector configuration, and
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measurement method. It should be noted that the present
measurements were set up to allow rapid data collection. It is
possible to realize a lower absolute error by using lower data
sampling rates. The minimum absolute error of the metasurface
polarimeter for slower sampling was observed to be about 50%
lower than for the configuration used above and comparable to
the minimum error of commercial in-line polarimeters
(£0.25°).”” Considering the large number of measurements
required for the present study, a higher sampling rate was,
however, preferred to avoid unsuitably long data collection
times. This does not affect the relative comparison of accuracy
in Stokes vector predictions between the different calibration
methods.

For the neural-network-based calibration, we trained a neural
network with 7 hidden layers of 32 units each, using data from
the full wavelength range. This choice of parameters was based
on an investigation of the hyperparameter space, as discussed
below. The angular error obtained when applying the neural
model to the test data is shown in Figure 3 (red curve). The
average error in this case is about 2.1°, which is only a factor of
2 higher than the benchmark error. For simplicity, we restricted
optimization to modifying only the number of hidden layers
and number of units per layer of the network, even though a
wide array of improvement techniques are known to the
community.'® The results obtained from each neural network
configuration are compared in Figure 4. As the networks grow

—— 10°

— 1layers
2 layers
3 layers
4 layers
6 layers
7 layers
8 layers

N
N
.
=
o
©
Model parameters

Validation cost

2

. . . . 10
16 32 64 128 256
Units

8 16 32 64 128 256 8
Units
Figure 4. Optimizing neural network hyperparameters. Early stopping

helps to avoid overfitting with high variance models, but the model
performance saturates at around 7 hidden layers, 32 units per layer.

in layers and units, the models begin to overfit the training data.
We address this by aborting the training process as soon as the
loss on the validation set begins to increase with respect to the
loss on the training set (known as “early stopping”) . Between
choosing a model with a reasonable amount of free parameters
and good prediction performance, a model consisting of 7
hidden layers of 32 units was selected.

Although the metasurface polarimeter devices were designed
to measure polarization only, we considered also whether their
inherent wavelength dependence would allow a neural network
to determine the wavelength of the incoming (monochromatic)
light from the measured data, thus adding a wavemeter
functionality to the polarimeter device. Similarly to before, we
fitted a linear model and trained a neural network on the 6-port
metasurface polarimeter data for this task. Results are shown in
Figure 5, where a neural network with 3 hidden layers and 32
units per layer was used. The linear model (blue curve) can be
seen to have an RMS error in wavelength prediction of 1-3
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Figure S. Comparison of wavelength modeling using a linear model
(LM, blue curve) and a neural network (NN, red curve).

nm. The neural network model (red curve), on the other hand,
performs an order of magnitude better, with an RMS error of
0.1-0.3 nm. It is worth mentioning that this error value is close
to the wavelength spacing used in the training set (0.2 nm).

As mentioned before, one way of accurately calibrating the
metasurface for a given wavelength range is to use a lookup
table of linear calibrations at closely spaced wavelengths. This
is, however, only useful when the wavelength of the measured
light is known. Given that we can accurately determine the
wavelength with a neural network model, this implies that we
can also create a hybrid model by using the wavelength
determined by the neural network to look up the
corresponding linear calibration. The comparison of this hybrid
model to the full neural network model and the linear
calibration benchmark error is shown in Figure 6. The hybrid
model, in fact, performs nearly as well as the full neural network
model, with an average error of about 2.6°.

7 . T T T T T
—
6l — m i
Hybrid
— st 1
g
54r 1
= | |
] |
S 3 [
2 x | Wit /| | |
< N
2 NI ) I\
W\
1
1530 1535 1540 1545 1550 1555 1560 1565

Wavelength [nm]

Figure 6. Comparison of Stokes vector modeling using a full neural
network model (NN, red curve) and a hybrid one where the output of
the wavelength neural network is used to look up the correct linear
calibration (Hybrid, yellow curve). The irreducible error (LM(Z),
green curve) from Figure 3 is shown for reference.

Our results show that 6-port metasurface polarimeters,
calibrated using deep neural networks, provide an accuracy in
the Stokes vector measurement close to the minimum device
error without a priori knowledge of the input wavelength, in
addition to accurately predicting the input wavelength
(presupposing, in this case, a2 monochromatic input). In our
previous work’®*” we focused on the traditional four-output
approach, where the four parameters of the Stokes vector are
projected onto an output space of equal dimensionality, as

DOI: 10.1021/acsphotonics.8b00295
ACS Photonics 2018, 5, 2682—2687


http://dx.doi.org/10.1021/acsphotonics.8b00295

ACS Photonics

mentioned above. In order to compare the neural network
calibration approach on such devices with the performance of
the 6-port devices reported here, we also tried limiting our
neural network training to the 4 ports of the present device that
gave the most precise linear calibration (blue arrows in Figure
1(c)), which is equivalent to training a neural network on the
output of a 4-port device. We were not able to train a well-
performing neural network for Stokes vector prediction in this
case, but were in fact able to accurately measure input
wavelength with a neural network calibration (albeit with
significantly longer training time than for the 6-port data). This
suggests that it could also be possible to accurately determine
the Stokes vector using a neural network calibration with fewer
than six intensity measurements, without knowledge of the
incident wavelength. However, it is clear that using six (or
possibly more) sufficiently independent outputs makes it
significantly easier to train well-performing models.

In summary, we maintain that machine learning models,
provided with a sufficient amount of calibration data, can be
brought to interpret the input signals of an optical sensor in
terms of functions that would be difficult or impossible to
derive by hand. This can produce a much better approximation
to the physics that determines the relationship between sensor
input and output, but sacrifices an interpretable link between
the physics and the calibration function. In case of the
metasurface polarimeter, neural network models enabled us to
ameliorate the high sensitivity of the polarimeter to
discrepancies between the input and the calibration wavelength,
and also to extend its functionality to act as a wavemeter. Our
results demonstrate the potential for this type of machine
learning in producing substantial performance improvements of
even relatively simple optical systems that have previously been
treated in terms of transfer function matrix formalism.
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Abstract: The constituent elements of metasurfaces may be designed with explicit polarization
dependence, making metasurfaces a fascinating platform for new polarization optics. In this work
we show that a metasurface grating can be designed to produce arbitrarily specified polarization
states on a set of defined diffraction orders given that the polarization of the incident beam is
known. We also demonstrate that, when used in a reverse configuration, the same grating may be
used as a parallel snapshot polarimeter, requiring a minimum of bulk polarization optics. We
demonstrate its use in measuring partially polarized light, and show that it performs favorably
in comparison to a commercial polarimeter. This work is of consequence in any application
requiring lightweight, compact, and low-cost polarization optics, polarimetry, or polarization
imaging.
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Introduction

Polarization holds a role of paramount importance in countless areas of science and technology,

in

areas as diverse as atomic physics and fundamental light/matter interaction [1], fiber-optic

telecommunications [2, 3], and polarization-resolved imaging [4, 5]. The latter has found
application in remote sensing [4], aerosol characterization [6], non-invasive cancer pathology [7,8],
and astrophysics [9-11]. Methods of producing and measuring polarized light, then, are of
significant scientific and technological interest.

Polarization measurement is known as polarimetry [12]. Stokes polarimetry in partic-

ular refers to the determination of the full, four-component polarization Stokes vector

§

=(S Si S Sg}T, which quantifies the shape and orientation of the polarization el-

lipse as well as the beam’s intensity and degree of polarization. Polarization generation and
analysis are conjugate — any configuration of polarization optics serving as a polarization state
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generator may be an analyzer, if used in reverse. If an unknown Stokes vector §inc is incident
on an analyzer, a detector would observe, as a consequence of this symmetry, Ineas §a . §inc,
where §a is the characteristic polarization of the analyzer. Polarimetry amounts to several such
projective measurements of the Stokes vector (Fig. 1(f)). This is formalized in the matrix equation

ASie = 1. )

Ais an N x4 matrix known as the instrument matrix, §mc is an incident Stokes vector, and Tisa
list of N measured intensities. A links the Stokes vector to N measured intensities 7 on N analyzer
channels. In the special case where N = 4 we can write §mc =A'T (in the over-determined case
N > 4, one finds a least-squares solution for §inc) [12].

Several broad categories of Stokes polarimeters exist, varying in how these N projective
measurements are implemented. In the division-of-time approach, measurements are taken
sequentially as a configuration of polarization optics changes. While this reduces the number of
necessary components, time resolution is limited by the speed at which the polarization optics
may be readjusted, representing a handicap (especially in the case of mechanical rotation). Active
polarization optics such as liquid-crystal variable retarders ameliorate this somewhat, though here
too, time resolution is limited to the ms range at great expense [5]. In the division-of-amplitude
(also known as parallel, or snapshot) approach, on the other hand, the beam is divided among N
parallel channels each of which contains a different analyzer. This may be accomplished by the
use of birefringent (e.g., Wollaston) prisms and beamsplitters [13] or by employing a diffraction
grating to split the beam into NV orders containing unique polarization optics and a detector [14,15].
Division-of-amplitude is desirable because its time-resolution is detector-limited with no moving
parts. This, however, requires distinct polarization optics on each channel, increasing complexity
and bulk.

The basic units of these polarization optics (in free space, at least) are polarizers and phase
retarders (waveplates). Retarders most commonly take the form of bulk bi/uniaxial crystals whose
birefringent properties allow for polarization conversion; these led to the original discovery
of light’s polarization. These plates are, however, difficult to manufacture and process and
challenging to integrate [2, 16].

Meanwhile, metasurfaces [17] — that is, subwavelength-spaced arrays of nanophotonic phase-
shifting elements — have attracted significant interest and hold promise for miniaturization of a
variety of bulk optics. The elements comprising a metasurface may possess tailored structural
birefringence making metasurfaces a fascinating platform for new polarization optics [18,19].

Here, we present a scheme for the design of a metasurface grating that, when light of a known
polarization is incident, may produce arbitrarily specified states of polarization in parallel on its
orders (Fig. 1(a)) in the visible spectral region. We experimentally characterize two metasurface
gratings designed with this scheme. The same grating, by the symmetry described above, may
act as a parallel full-Stokes polarimeter requiring no bulk birefringent optics. We characterize
such a polarimeter and compare its performance to a commercial rotating-waveplate instrument.
In contrast to previous work by us [20,21] on terminating polarimeters and by others [22-27] on
a variety of metasurface/metamaterial-based schemes, the present work allows for the generation
and analysis of polarization on channels whose polarizations may themselves be arbitrarily
specified, demonstrates full-Stokes vector determination (including partially polarized light), and
provides a quantitative error analysis. As such, it is of consequence for any application requiring
low-cost, easily integrated polarimetry or polarization imaging and is a testament to the flexibility
of metasurfaces in the realm of polarization optics.
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Fig. 1. a, Conceptual schematic: A metasurface diffraction grating can be designed to
produce arbitrarily specified polarization states on its diffraction orders. The same device
can also act as a parallel polarimeter. b, Such a metasurface is composed of pillar-like
phase-shifting elements with two perpendicular mirror symmetry axes (e.g., rectangles)
whose orthogonal dimensions wy and wy may be adjusted to allow for independent and
tailorable phase delays ¢ and ¢y on x- and y-polarized light. ¢, If Q such elements of
varying dimensions are arranged into a periodic unit cell along the X direction, we form
a 1D diffraction grating. At each point in the unit cell, constant phases are imparted on
x- and y-polarized light. We may then describe the phase profiles experienced by these
polarizations in the form of Q-vectors &)x and C_f)y. d, The action of each diffraction order is
equivalent to a bulk optic cascade of a diattenuator and a phase retarder, each oriented along
x/y. e, The Poincaré sphere aids in understanding the behavior of the diffraction order for
general input polarization. A standard Poincaré sphere (left) represents the set of all possible
incident polarizations. After the beam passes through the diattenuator, the sphere is distorted
along the S| axis according to the extinction ratio of the diattenuator (center). Finally, the
phase retarder enacts a precession of the sphere along the S axis by an angle equal to
its retardance 6™ (right). The red arrows depict the corresponding polarization states in
(d). Note also that the power of the output beam is polarization-dependent (not shown). f,
The functionality contained in a single metasurface (c) would require, most generally, a
two birefringent plates on each order in addition to a grating. g, Conceptually, polarimetry
amounts to several projective measurements of an incident Stokes vector, S’inc, onto a number
of analysis Stokes vectors {5,,}. If the analysis vectors are known and linearly independent,
§mc can be recovered.

2. Principle of operation

Space-variant polarization optics have long been a subject of investigation (as we discuss
in Section 6.4) [28-32]. In the context of metasurfaces, a subwavelength element with two
perpendicular symmetry axes [33] (e.g., a rectangle, but far from the only example) can function
as a waveplate-like phase shifter, imparting independent phase shifts ¢, and ¢, on x- and
y-polarized light [18, 19]. The values of ¢ and ¢, may be arbitrarily and independently adjusted
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between 0 and 27 by changing the element’s perpendicular dimensions w, and wy (Fig. 1(b)). If
0 such birefringent phase shifters are arranged with subwavelength spacing in a 1D grating unit
cell (Fig. 1(c)), we can denote the phase shift experienced by x-polarized light at the g™ position
in the unit cell by qﬁ&q). That is, we may approximate the phase shift acquired by the wavefront
at each position in the unit cell as constant. This discrete phase function ¢, (%) experienced by
x-polarized light, as a function of the spatial coordinate ¥ (not to be confused with x-polarized
light), can be written as a vector, o, = {q&<1> . (Q)} with <I)y holding an analogous meaning for
y-polarized light. If the unit cell is tessellated we form a metasurface phase grating implementing
independent and arbitrary periodic phase profiles for orthogonal x and y polarizations.

Being periodic, the grating’s angular spectrum is discrete. Given the phase profiles ¢.(%) and
¢y(X) (which are contained in <I> and (1) ), we may compute the Fourier series of each phase
grating. The projection onto grating order m is given by

L 1 da damx
m):(m|el¢X(x))=E£ el Ox (%) I FFE % 2

and

d .

" = (mlePy Dy = L/ ity D HE g7 3)
2r 0

where d is the length of the periodic unit cell and {c(m)} and {c(m)} are the Fourier coefficients

of the gratings experienced by x and y polarizations, respectlvely

Each coefﬁcwnt is in general complex, so we may write ¢y m

|C§,m) |eu5y

() iot" ) _

) = = |cy and ¢,

. Then, we can ascribe to each order a Jones matrix J' (m),

m _ ( ) 0 |C(m)| 0 eiriim) 0
J 0 o) o |- “
Cy 0 ley™| 0 £'%y

The polarization properties of order m contained in J may be seen as equivalent to a
cascade of two bulk optical elements (Fig. 1(d)): the first Jones matrix in the product is that of a
diattenuator—that is, an imperfect polarizing element selectively attenuating light along the x
and y directions, while the second Jones matrix is that of a phase retarder — a waveplate — with
retardance 60" = 63") - 6;'"). Both have their eigenaxes mutually oriented along x and y (Fig.
1(d)).

If, for instance, a beam linearly polarized at 45° with electric field amplitude Ey is incident on
the grating, the electric field on the m™ grating order will be

o EO C(m)
E™ = —( - ®)

In the special case of 45° polarized light, then, the complex grating coefficients {c)((m)} and
{cy") } directly yield the polarization state of order m without any further transformation. For a
general input polarization, the output polarization state on each order can be understood with aid
of the Poincaré sphere (Fig. 1(e), see caption).

3. Optimization

Given a grating with known @, and (_15), and an incident beam of known polarization, the
polarization state and power on each diffraction order m can be computed with simple Fourier
optics. Conversely, can one deduce the &, and (T)y producing diffraction orders with specified
states of polarization, for a given incident polarization? This would allow for the straightforward
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engineering of such gratings, embedding in a single monolithically integrated metasurface a
functionality that would otherwise require, in the most general case, an ordinary diffraction
grating with 2P birefringent crystalline waveplates, where P is the number of diffraction orders
to be controlled (Fig. 1(f)).

Suppose that for each diffraction order in a set {¢} we specify desired output polarization
states. These polarizations directly dictate {c}'} and {c]"}, the required Fourier coefficients. The
requisite gratings for x and y polarizations could then be found by simply inverting the Fourier
transform. However, being the sum of many spatial harmonics of the grating, this solution would
require both amplitude and phase variation. In the realm of metasurfaces, this is undesirable. One
generally hopes to obtain a range of phase-shifter geometries with nearly uniform amplitude
transmission that yield phase shifts ranging between 0 and 27 [18]. It is generally difficult —
at least, drawing from a limited set of possible geometries of simple design — to assemble a
library of structures yielding arbitrarily shape-tunable phase shift and transmission. In the present
case, we would require that this be achievable for both x and y polarizations, simultaneously
and independent of one another. This is, without resorting to a very large range of simulated
geometries, untenable. Moreover, an amplitude grating will inherently have lower transmission.

A phase-only grating addresses both issues. A phase-only grating, however, may only possess
one or infinitely many diffraction orders, so the exact solution cannot in general be phase-only [34].
We must resort to optimization in order to concentrate as much diffracted light in the orders of
interest while generating the desired polarization states.

More formally, we wish to design a grating that, when light linearly polarized at 45° is incident,
produces desired polarization states on a set of grating orders {¢}. The target Jones vector on
each order m € {¢} is given as

(m)
Zm) _ COS x
J - (Sil’l X(m)ei¢(m) . (6)

Light will generally be diffracted into all orders, not just those in {¢}. In order to direct as
much of the incident power as possible into these desired orders, we seek to maximize

n® By = 3 (1P + 1) ™
me{l}
under the constraints
| C(m)
—— = tan ™ ®)
| L_(m)l
X
and
o =5y = g, ©

The constraints provide for the desired polarization on each order, and the phase profile vectors
CT)X and ‘i)y are the quantities to be optimized. If the grating has Q constituent elements, the
optimization will involve 2Q parameters. Q and the inter-element separation dictate the grating
period d which, along with the operating wavelength A, specifies the angular separation of the
grating orders. Once optimized ':_ISX and &)y are obtained, the power in the desired orders and
correspondence with the target polarization can be mathematically evaluated (cf. Eqns. (7), (8),
and (9)).

We perform a simple gradient descent optimization of n((_lsx, <_IS),) under the above constraints
with randomly generated initial conditions (Fig. 2(a)). This is a purely mathematical exercise
and is independent of any particular material implementation or wavelength. Once optimized
{(T)x, &)y} are found, the geometries of appropriate phase shifters can be located from a library of
simulated structures, once the operating wavelength and desired material platform are specified.
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While the essence of this work is wavelength-independent, in this work we use rectangular TiO,
pillar structures for operation at 4 = 532 nm, owing to the scientific and technological ubiquity
of the visible range. The optimization scheme as presented above assumes that each phase shifter
has a uniform amplitude transmission. In our library of simulated structures, the transmission
does vary, an effect which compromises the results of the optimization. To address this, we add
a second optimization step in which the result obtained from gradient descent (i.e., assuming
uniform amplitude transmission) is used as an initial condition to a gradient-free scheme in which
the Fourier transforms are computed using the transmission and phase shifts of actual structures
drawn from our library; this two-step optimization, which explicitly acknowledges the properties
of available phase-shifting structures, yielded improved results.

4. Polarization state generation

We designed two such gratings for operation at A = 532 nm. For each element in the optimized o,
and E[Sy, a rectangular TiO, pillar, 600 nm in height whose dimensions best impart the required
phases on x and y polarized light is selected from a library of simulated structures. The designed
gratings are then fabricated on a glass substrate with a process extensively detailed elsewhere
that relies on electron beam lithography [35].

A first grating is designed to produce +45° linear, right-circular, left-circular, and —45° linear
polarizations on the m = =2, —1, +1, and +2 diffraction orders, respectively, all with equalized
intensities, when 45° linear polarized light is incident. These represent a set of polarizations
commonly encountered in optics experiments and are thus of general interest. We refer to this
as the “four polarization” grating. A second grating is designed to produce four polarization
states on these same diffraction orders corresponding to the vertices of a tetrahedron inscribed in
the Poincaré sphere, with equalized intensities, for incident 45° linear polarization. This set of
polarizations is of significance in polarimetry (discussed below) [36,37]. We refer to this as the
“tetrahedron grating”.

Both gratings contained Q = 20 individual elements, and thus each required the optimization
of 20 = 40 parameters. This Q was found, heuristically, to produce results that achieve high
efficiency n and good correspondence with the desired polarization ellipses — mathematically
and from FDTD simulation — while minimizing the number of optimization parameters.

The unit cell geometries implementing the optimized phase profiles for each grating are shown
in Fig 2c¢ alongside corresponding electron micrographs. Each unit cell was tessellated into a
bulk metasurface grating 250 x 250 um in size.

Each grating was illuminated with laser light at 2 = 532 nm linearly polarized at 45° relative
to the axes of the grating. The polarization state on the diffraction orders of interest was then
measured with a commercial rotating waveplate polarimeter.

In Fig. 2(b), for each grating, the measured polarization ellipses on each order are plotted
alongside the desired target ellipses as well as the ellipses predicted by a finite-difference
time-domain (FDTD) simulation of the grating geometry. We observe a qualitatively close
correspondence between the desired target, simulated, and observed polarization states. Further
data is tabulated in Appendix A.

5. Metasurface polarimetry

Each order of the metasurface polarization grating can be thought of as a diattenuator followed
by a phase retarder, each oriented along x/y (Eqn. 4 and Fig. 1(d)). When light from a source
passes through a polarizer oriented at 45°, a polarization state is produced on the grating order,
ideally close to some target state (Fig. 3(a), top). When the grating is used in reverse — that is,
with the grating followed by a linear polarizer oriented at 45° — each diffraction order may be
seen as a polarization state analyzer for its characteristic Stokes vector (Fig. 3(a), bottom). The
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Fig. 2. a, Schematic of optimization routine used to design metasurface polarization gratings.
A random initial guess for the phase profiles &, and Cf)y is optimized to direct as much
light as possible into the diffraction orders of interest using gradient descent under the
constraints of the desired polarization states. This result is improved by a gradient-free
method that accounts for simulated properties of the phase shifters used, and a final geometry
is generated. These geometries are realized in TiO, for operation at A = 532 nm. b,
The scheme in (a) is used to generate two gratings, one for four polarizations of general
interest (top) and one for a tetrahedron configuration of polarization states (bottom). Each
grating generates four polarization states, and the target ellipse, expected result from FDTD
simulation, and experimentally observed polarization ellipse on each grating order are shown.
¢, Design (black) and electron micrographs as-fabricated of the “four polarization” (top) and
“tetrahedron” (bottom) gratings. In the tetrahedron grating, the small rightmost pillar has not
survived fabrication.

characteristic analyzer Stokes vectors are the same as the generated polarizations with the chiral
component S3 reversed (owing to the symmetry of this particular system — see Appendix E).

The grating may then be used as a parallel full-Stokes polarimeter with no polarization optics
(with the exception of a single polarizer, which could be easily integrated on top of the grating —
the polarizer, even if it is imperfect, is indeed necessary for Stokes vector determination, as can
be shown using simple Mueller calculus). This of course relies on a suitable choice of analyzer
states, which must yield a non-singular instrument matrix; here, these states may be arbitrarily
specified. The four polarization grating is not sufficient for full-Stokes polarimetry as its states
are not linearly independent (in actuality, its imperfections break this and render it usable, though
far from optimal, for polarimetry). For a polarimeter making N = 4 measurements, it has been
extensively documented that, in the absence of calibration errors [37], a configuration of analyzers
whose characteristic Stokes vectors correspond to (any) regular tetrahedron inscribed in the
Poincaré sphere yields maximum signal-to-noise ratio in Stokes vector determination [36].

In acknowledgment of this, a larger version (1.5 mm X 1.5 mm) of the tetrahedron grating
described above was fabricated. When laser light is incident, the four diffraction orders of interest
diverge and pass through a polarizer oriented at 45°. Each beam then impinges on a standard
silicon photodiode centimeters away, producing a photocurrent which is amplified and converted
to digital form (Fig. 3(b), right side).

The instrument matrix A must be determined by calibration. Accordingly, we carry out
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Fig. 3. a, As each diffraction order may be thought of as a cascade of a diattenuator and
a retarder (Fig. 1d), when light from a source of known polarization (in this case, linearly
polarized at 45°) is incident, a characteristic polarization § is produced. If light of unknown
polarization Smc is incident i in the Teverse dlrectlon and the source is replaced with a detector,
the measured intensity [ o SlnC Su with S ! identical to SL with a change in the sign of the
last component. b, This allows the meta-grating to function as a parallel polarimeter. Each
of the four diffraction orders of the tetrahedron grating may be used as an analyzer. Light
incident on the metasurface passes through a linear polarizer at 45° and diffracts onto four
photodiodes whose photocurrents are amplified and digitized through an analog-to-digital
converter (ADC). During testing and calibration, light passes through various polarization
optics in front of the meta-grating. The role of the boxed components (i) and (ii) are described
in the text. ¢, As the linear polarizer is rotated in front of a polarization Mach-Zehnder
interferometer ((i) in (b)) whose path length difference is larger than the laser coherence
length Lo, the degree of polarization (DOP) varies. Plotted in red is the DOP measured by
the meta-grating polarimeter which closely follows the theoretically expected curve (black).
At 45° (inset) a DOP of p = 0.12 + 0.018% is measured.

a calibration scheme [38] developed for the well-known four-detector photopolarimeter of
Azzam [39], applicable to any polarimeter with four intensity channels (N = 4) which explicitly
accounts for imperfect quarterwave-plates. Each entry of the resultant instrument matrix A may
be assigned error bounds which provide for the covariance matrix of any computed Stokes
vector [40] allowing for the calculation of uncertainty bounds.

5.1.  Quantifying partially polarized light

With the metasurface grating polarimeter thus calibrated, the Stokes vector of any incident beam
may be determined from A and the measured intensities on the photodiodes. An interesting case
is that of partially polarized light. Partially and un-polarized light, inherently a consequence of
temporal coherence phenomena [2,41], are common in all non-laser light sources. The degree to
which light is unpolarized is quantified by the degree of polarization (DOP), defined as

[2 ., 2. ¢
ST+85+85

P — (10)

where S; denotes the i element of the Stokes vector. Fully polarized light corresponds to p = 1,
totally unpolarized light to p = 0; in intermediate cases, p represents the ratio of the beam’s
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power which is polarized to that which is not.

To study the response of the metasurface-grating polarimeter to varying DOP, a deterministic
means of producing partially polarized light is required. We employ a Mach-Zehnder-like setup
with two polarization beamsplitters [2,42]. This is depicted in Fig. 3(b), where the boxed
components in (i) are included while (ii) is omitted (though (ii)’s presence would theoretically
not affect the DOP). As a linear polarizer rotates in front of the interferometer, different fractions
of incident light travel along each arm. When equal parts of the beam enter each path (when
OLp = 45°) and the path-length difference of the interferometer is many coherence lengths Lcon of
the laser source, the recombined beam will be totally unpolarized: The beam will be composed of
half x-polarized light and half y-polarized light which no longer have phase-coherence. On the
other hand, when 6 p = 0° or 90°, all light goes along one path only and the beam is completely
polarized. At intermediate angles, p = |cos 8p| [42].

A linear polarizer was rotated in front of the interferometer and the Stokes vector measured
by the meta-grating computed. The corresponding DOPs (Eqn. 10) are plotted in Fig. 3(c). As
shown in the inset, a minimum DOP of 1.2 + 0.018% is observed.

5.2. Comparison with a commercial rotating-waveplate polarimeter

Degree of polarization Azimuth 26 Ellipticity 2&

Metasurface
Metasurface
Metasurface

0.0 0.2 0.4 0.6 0.8 1.0 -T 7% 0 :’ T
RWP RWP (rad)
- ]
60 160 T \ =0.015
K 140 40 K
50
N 120
2} H 4] ) 3]
+J 40 . 4+ 100 -
= : = c
3 . 3 g 3
o B [e} QO 20
O . O o O
20 =
40| ; 10|
o 20 ; s
-b.o4 0.0 8 204 —03 —02 -0.1 01 02 03 “60s 002 000 002 008
A (rad) A (rad)

Fig. 4. In each column, the metasurface grating polarimeter (metasurface) and the commercial
rotating waveplate polarimeter (RWP) are compared using different polarimetric quantities.
In the top row of graphs, values measured by each polarimeter are plotted against one another
(in the case of perfect correspondence all values would lie along the black 1:1 line). Insets of
each plot are shown. Error bars are given only for the metasurface values since precision is
not well-known for the commercial RWP. In the bottom row of plots, the differences between
the values reported by each polarimeter are computed and plotted in a histogram. Each
distribution is fitted with a normal distribution and the mean u and variance o~ are given for
each. The quantities examined are the degree of polarization (DOP), the azimuth double
angle 26, and the ellipticity double angle 2¢. The latter two are parameters of the polarization
ellipse that give the spherical coordinates of the polarization state on the Poincaré sphere.
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Finally, we compare the performance of the metasurface-grating polarimeter to a commercial
and widely used visible-range rotating waveplate polarimeter (ThorLabs model PAX5710VIS-T).
In a rotating waveplate polarimeter (RWP), a waveplate mechanically rotates in front of a linear
polarizer and a detector. From the Fourier coefficients of the time-varying signal, the incident
Stokes vector can be determined [12,43].

An experiment was carried out using the setup depicted in Fig. 3(b) including boxed components
(i) and (ii). A set of randomly selected linear polarizer (LP) and quarterwave-plate angles (QWP)
were selected. In an automated measurement, the mounts holding the LP and QWP moved to these
pre-determined angles and the polarization state produced at each of these configurations was
deduced using the meta-grating polarimeter. Next, the commercial rotating waveplate polarimeter
(RWP) was placed in the beampath in place of the metasurface-grating polarimeter. The QWP
and LP revisited the same positions and the polarizations measured by the RWP were recorded.

The comparison is summarized in Fig. 4 with regards to the quantities of azimuth and ellipticity
of the polarization ellipse (we plot the double azimuth and ellipticity angles 26 and 2e, since
these are the angular coordinates on the Poincaré sphere) and DOP. The graphs in the top row of
Fig. 4 plot the values measured by the metasurface-grating polarimeter along the vertical axis
and the values measured by the RWP on the horizontal axis (an ideal 1:1 correspondence line is
shown in black).

For each quantity, the difference in the values reported by the two polarimeters is calculated
and plotted in a histogram in the bottom row of Fig. 4. Each is fitted with a normal distribution,
whose means (1) and standard deviations (o) are shown.

6. Discussion
6.1. Optimization

In the literature of phase-only gratings, it has been shown using variational calculus that the
optimum phase profile splitting light into a set of desired diffraction orders with maximal
efficiency has an analytical optimum [34,44]. Once the desired amplitude and phase relationship
of light in these orders is specified, a finite set of coefficients may be optimized to find this
optimum grating. The question of an analytical solution, not to mention uniqueness and local
minima, in the present work, however, is complicated by the fact that this optimization couples
two such phase gratings together, acknowledges their discrete nature, and is influenced by the
properties of available phase-shifters from a library. An analytical and statistical examination of
this optimization will form the basis for future work.

We stress the simplicity of the optimization scheme used here. Optimized structures are more
generally of great interest in nanophotonics, including freeform geometries designed with the aid
of topology optimization [45—48]. These schemes, however, are computationally expensive and
require the repeated use of full-wave simulations. The gratings in the present work, on the other
hand, are optimized using only the numerical evaluation of simple Fourier integrals. This method
of course requires a considerable assumption about the physical nature of the problem, in that
the transmission properties of the structures must be assumed to be of a certain mathematical
form (cf. Eq. (4)). Additionally, the structures to be used are limited to those that have been
previously simulated and may not take on arbitrary geometries. Nonetheless, this simple scheme
enables arbitrary polarization control of the diffraction orders, and its success suggests that related
polarization problems are an interesting application area for more sophisticated optimization.

6.2. Parallel polarization state generation

As illustrated in Fig. 2, for both the four polarization and tetrahedron gratings, the polarization
ellipses observed on the diffraction orders compellingly match the desired target ellipses and
those expected from FDTD simulation. A more quantitative view of this comparison is given in
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Appendix A; there, we see that the average deviation in azimuth and ellipticity between target and
measurement is 4.37% and 3.57%, respectively. Much of this difference is likely attributable to
fabrication imperfections and unpredictability of the exact element dimensions. As the nominal
dimensions of the fabricated geometries are slightly adjusted to compensate for overexposure
and overetching, the measured polarization ellipses are observed to change smoothly in response
(Appendix B). Given even ideal fabrication, the ellipses would not completely match the target
states since the optimization will never achieve perfection. From the perspective of polarimetry,
at least, any imperfection in the performance of the tetrahedron grating can be easily accounted
for by the calibration (while the matrix condition number of A may only increase somewhat).

6.3. Parallel polarimetry

Above, we presented a characterization of the meta-grating’s polarimeter functionality, specifically
its ability to measure partially polarized light and its polarimetric performance in comparison
with a commercial RWP.

‘We demonstrated that the meta-grating polarimeter can detect partially polarized light produced
by a polarization Mach-Zehnder interferometer. The dependence of DOP on linear polarizer
angle follows the expected theoretical trend. At 45°, we measure a minimum DOP of 1.2 +0.18%.
While the minimum DOP would ideally be 0%, the DOP aggregates error from all four Stokes
components, and the minimum value achievable is in a sense a reflection of the accuracy of the
polarimetric system as a whole. The exact significance this minimum value is not immediately
clear — there are experimental subtleties to the production of partially polarized light with
a polarization Mach-Zehnder interferometer, including the DOP varying over the profile of
the output beam. The non-zero DOP observed at 45° could be a consequence of errors in the
polarimeter, actual deviations of the beam’s DOP from zero, or likely some combination of the
two. The result, however, should be taken as a testament to the flexibility of the presented device
— an integrated element in a completely parallel measurement can provide information about
DOP, a coherence property.

Lastly, we compared the performance of the meta-grating polarimeter to that of a commercial
rotating waveplate device. For the quantities of DOP, azimuth, and ellipticity — polarimetric
parameters of common interest — we examined the difference in the values measured by the two
polarimeters and treat these as statistical quantities. For DOP, we observe a standard deviation
of o = 1.6% and a mean difference of u = 0.6%, a systematic error which could easily be
attributed to one polarimeter being slightly misaligned. For azimuth y and ellipticity €, we
observe oo = 0.023 rad = 1.32° and o = 0.0075 rad = 0.43°, respectively. This implicitly
assumes that the RWP is an absolute polarization reference; any degree to which this is not
true will increase the perceived error of the meta-grating polarimeter. Moreover, this error is
itself polarization-dependent (see Appendices C and D). By sampling the error more or less
uniformly over all possible polarizations, the values of o for each parameter represent worst-case
performance. Already, these are in the vicinity of the errors quoted for the RWP used (Appendix
C). Notably, the performance of the RWP can be approached with a device having no moving
parts, no bulk birefringent polarization optics, and detector-limited time resolution.

In Appendix D, we study angle-of-incidence effects and conclude that up to ~ £5° accidental
misalignment, the meta-grating polarimeter could still be used with reasonable accuracy.

6.4. Context within diffractive optics and metasurfaces, and technological perspective

Diffractive optics has long been the subject of intensive investigation. Within diffractive optics,
polarization gratings emerged from the realization that polarization had been largely over-
looked [28, 31, 32]. As described in the review of Cincotti [29], polarization gratings (and
their close cousins, polarization holograms [49, 50]) may be seen as a periodic modulation
of diattenuation, retardance, angular orientation, or all three [29]. A parallel Stokes polarime-
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ter may be constructed from cascades or a spatial interlacing (sometimes dubbed “spatial
multiplexing”) of such gratings [28,29,51-53]. More recently, metasurface-based diffractive
polarimeters [22-24,26] have appeared that, despite a higher spatial resolution of grating elements
and new operating wavelengths, rest on a spatial multiplexing of the same unit cell designs
conceived of with earlier polarization gratings.

Many diffractive optics works have examined periodic spatial modulation of retardance [29,
31,51,52,54-56], but retardance itself is not all that counts. An overall phase may be added to
both polarization components while keeping retardance constant, and this overall phase may
vary spatially, too. This degree of freedom has largely not been exploited, and as a consequence,
several discrete or spatially interlaced polarization gratings are necessary to generate (or measure)
polarization in parallel [22,24,25,28,53] and the generated (or analyzed) states cannot be
arbitrarily specified.

Explicit use of this phase freedom has interesting consequences [19], and it is the control
of both retardance and overall phase that distinguishes this work. Notably, it allows for the
generation of arbitrarily specified polarization states on the diffraction orders and equivalently,
polarimetry with an arbitrarily specified set of basis polarizations. We note that a similar approach
with similar functionality has been demonstrated using liquid crystal spatial light modulator
technology [57,58]. Owing to the constraints of these SLMs, however, a relatively complex
double-pass architecture relying on a waveplate and a polarization beamsplitter must be employed
in order to impart independent phase profiles on x and y polarized light independently, limiting
the scope of potential applications.

In the present work, equivalent functionality has been embedded in a single, flat metasurface
where the two phase profiles may be applied in the same plane, improving prospects for widescale
application. Requiring only a linear polarizer (which may be easily integrated on top of the
device as a wire grid), a single device may generate/measure polarization in parallel with no
bulk birefringent optics or moving parts, permitting ease of integration and minizaturization. The
device may be extended to spectroscopic polarimetry if linear arrays of detectors are used or to
polarization imaging with imaging sensors. This may represent a far simpler solution to integrated
full-Stokes polarimeters and polarization cameras which would not require bulk lithographic
patterning of dichroic or birefringent material on top of a focal plane array [5,59-63].

In diffractive optics, there exists an extensive body of work on geometric phase devices [51,52,
55,56, 64,65]. In this approach, a phase profile may be imparted on circularly polarized light by
spatially varying the angular orientation of a retarder. These retarders may take the form of, e.g.,
micro-fabricated dielectric [51] or liquid crystal [65] materials. The simplicity of this approach
has numerous advantages, including achromatic phase (all wavelengths see the same angular
orientation) and ease of fabrication, but the same simplicity is also a drawback. In contrast to the
approach presented here, the spatially varying polarization in the plane of the grating cannot be
arbitrarily engineered; the phase profile experienced by one circular polarization is constrained to
be equal and opposite that experienced by the other [19]. Consequently, phase profiles cannot be
imparted independently on an orthogonal basis of polarization states, and as such the polarization
(and analysis) states of the diffraction orders cannot be arbitrarily specified as in this work.
Nonetheless, geometric phase gratings have shown promise for use in a variety of polarization
imaging systems [66—68]. However, owing to the constraint discussed above, multiple successive
gratings [66] and other polarization optics are required for full-Stokes imaging polarimetry. The
present work has the potential to significantly simplify these systems.

7. Conclusion

‘We have presented a method for the design of a metasurface diffraction grating with orders whose
polarization states may be arbitrarily specified. We design and fabricate two such gratings and
characterize the polarization states of the diffraction orders, finding close correspondence with
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desired target polarization states. The grating, by time-reversal symmetry, may also function as a
parallel polarization analyzer and permits for snapshot full-Stokes polarimetry. We demonstrate
its ability to measure partially polarized light. Additionally, we compare its performance to
a commercial RWP and present a statistical analysis showing comparable performance. The
metasurface-based polarimeter has no moving parts and no bulk birefringent optics which
facilitates its integration, and thus presents a significant simplification in polarimetric technology
which may extend easily to polarization imaging if detector arrays are used instead. Being a
grating, the chromatic dispersion of the orders may also be harnessed for use in spectroscopic
polarimetry.

This work is a testament to the flexibility of metasurfaces in the realm of polarization optics
and may have consequences for low-cost, lightweight, and significantly simplified polarimetry
and polarization imaging systems.

Appendices

A. Tabulated data on measured polarization ellipses, design, and overall effi-
ciency

Tabulated data detailing the measured polarization ellipses shown in main text Fig. 3 are given in
Tables 1 and 2.

We note that there is an inherent issue with using the metrics in Tables 1 and 2 because certain
azimuths (i.e., near the poles of the Poincaré sphere) are far more error prone. Even given this, the
data are merely a supplement to the qualitative correspondence that is visually evident in Fig. 2.

In Table 3, we provide the optimized phase profiles {':_ISX, <_13y} for both gratings as well as
the geometries of the 600 nm tall a-TiO, pillars that optimally impart these phase shifts (these
geometries detail the schematics of each grating in Fig. 2(c)).

With any diffractive element, the question of efficiency naturally arises. In the present work,
we stress that absolute efficiency is not the foremost concern, since in principle this work is
independent of any particular material platform or wavelength regime. To provide order-of-
magnitude type efficiency estimates, however, we characterized the tetrahedron grating described
in the main text, with the results given in Table 4. In Table 4, the power in the innermost four
diffraction orders (the four of interest) is given as a fraction of the power of the incident A = 532
nm beam and as a fraction of the power in all diffraction orders. It can be seen that 63.4% of the
incident power passes through the grating and diffracts into the orders. All of these orders and
their energy are usable for polarimetry if extra detectors are employed, and indeed this would
increase the accuracy of the polarimeter. It can also be seen, too, that the power in each of the
four orders of interest is more-or-less uniform, as constrained by the optimization scheme.

For this grating, the optimized efficiency expected mathematically was = 73.1%. The fraction
of the power in the four innermost orders with respect to all other diffraction orders, then, is off
by about a factor of two from this prediction. This may have its origins in imperfections of the
grating as-fabricated, or in the design assumption that the acquired phase is constant over the unit
cell of one element. An optimization scheme that explicitly acknowledges the radiation pattern of
the phase shifters may yield a better correspondence.

B. Effect of fabrication imperfection on observed polarization ellipses

Electron beam lithography yields size discrepancies between desired structures (as in a CAD
layout file) and what is actually realized. Generally, the fabricated structures are larger than
intended. This effect depends in a complicated way on dose, development time, etch rate, and other
fabrication-related factors. The phase imparted by the structures in this work is size-dependent,
so one would expect fabrication imperfections to have a notable effect on the polarization ellipses
observed on the diffraction orders, relative to design. Here we present additional data chronicling
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Table 1. Extended polarization state data for tetrahedron grating, as presented in Fig.
2(b). The azimuth () and ellipticty (¢) angles for each diffraction order (target, FDTD,
and measured) are given in radians. Note that the azimuth of the target polarization
state for the m = +2 order is not defined since this state was designed to be circular.

Tetrahedron Grating
m = =2 order

Quantity Target FDTD | Measured
Azimuth angle 6 0 -0.0092 | -0.0995
Ellipticity angle € | 0.1699 0.2049 0.3066

m = —1 order
Quantity Target FDTD | Measured

Azimuth angle 6 1.0472 1.0399 0.8789
Ellipticity angle € | 0.1699 0.2168 0.3191
m = +1 order

Quantity Target FDTD | Measured

Azimuth angle 6 -1.0472 | -1.2464 | -1.3687
Ellipticity angle € | 0.1699 0.1089 0.2165
m = +2 order

Quantity Target FDTD | Measured

Azimuth angle 6 | undefined | 0.3589 | -0.0218

Ellipticity angle € | -0.7854 | -0.7568 | -0.7244

Varying offset:

‘ ~
-30 nm
. -20 nm
R 3y -10 nm
— X — True to size
' Designed states

85%
75%
— 70%
—— True to size
- - Designed states

Varying scale:
72
&/

Fig. 5. Effect of changing nominal fabrication CAD given to e-beam system on polarization
ellipses produced on the m = -2, —1, +1, and +2 on the fetrahedron grating.

this effect.

For each grating design, several samples were fabricated with either fixed size offsets in the
CAD (10, 20, or 30 nm smaller than desired) or fixed size scaling factors (all dimensions scaled
by 85, 75, or 70%). The polarization states on the diffraction orders from all such gratings were
recorded.

We illustrate this by depicting the polarization ellipses recorded from the fetrahedron grating
with different size offsets and scalings in Fig. 5. It can be seen that varying the nominal size
of the fabricated structures has a significant effect on the observed polarization ellipses, which
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Table 2. Extended polarization state data for the four-state grating, as presented in Fig.
2(b). The azimuth () and ellipticty (¢) angles for each diffraction order (target, FDTD,
and measured) are given in radians. Note that the azimuth of the target polarization
state for the m = —1 and m = +1 orders are not defined since these states were designed
to be circular.

Four Polarization Grating
m = —2 order

Quantity Designed | FDTD | Measured
Azimuth angle 6 -0.7854 | -0.7867 | -0.8840
Ellipticity angle € 0 -0.0026 | -0.0299
m = —1 order
Quantity Designed | FDTD | Measured

Azimuth angle 6 | undefined | -0.2638 1.4019
Ellipticity angle € | 0.7854 0.7212 0.7462
m = +1 order
Quantity Designed | FDTD | Measured
Azimuth angle 6 | undefined | 1.4905 -0.0428
Ellipticity angle € | -0.7854 | -0.7432 | -0.7249
m = +2 order

Quantity Designed | FDTD | Measured
Azimuth angle 6 0.7854 0.7912 0.7282
Ellipticity angle € 0 -0.0297 | -0.0274

is to be expected. The data presented in the text came from samples with -20 nm offset for
the four-polarization grating and -30 nm size offset for the tetrahedron grating; these samples
produced ellipses closest to the target polarizations.

C. Additional detail on polarimeter comparison

What do the histograms presented in Fig. 4 mean? In each histogram, we examine a statistical
distribution of the difference between the set of measured values and (what we take to be) the
true values, those reported by the commercial RWP. Each plots the distribution of some practical
quantity derived from the Stokes vector. Depending on the polarization states of the test points
selected, these distributions could be artificially broadened or narrowed. For example, if all the
test polarization states are located near the poles of the Poincaré sphere, the azimuth histogram
will be broader; if the test states are all located on the equator, the distribution will narrow. The
deviation in the polarimetric parameters measured by both polarimeters will vary in a vectorial
way as a function of the Stokes vector, as dictated by the error in the instrument matrix (which is
a matrix quantity; see Appendix D).

In order to be unbiased, the measurement test points should be uniformly distributed in the
entire range of the given parameter, so that all of the best cases and the worst cases receive
equal representation. If this is done, the standard deviation of the distribution of differences
between measurement and a reference can be indicative of the accuracy of the polarimeter with
regards to that particular quantity; the mean is indicative of some systematic error that causes the
polarimeter to be off by a constant amount relative to a reference.

In this work, we have endeavored to explore (somewhat uniformly) all possible values of DOP,
azimuth, and ellipticity relative to what we treat as an absolute polarization reference, that being
the RWP. To a good approximation, then, we can treat the o~ of our histograms to be a measure of
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Table 3. Details of the design of the two gratings presented in this work. For each of
the two gratings, the X and y phase profiles are provided (in radians). Corresponding
to each pair {¢., ¢y} are the lateral dimensions {wy, wy} of a rectangular pillar of
a-TiO;, 600 nm in height best implementing this pair of phases (in nanometers).

Grating Design Parameters

Tetrahedron Grating Four State Grating
Element # | ¢y by Wy wy bx oy Wy wy
1 5.85 0 197 | 218 | 1.40 | 5.22 | 101 | 252

2 555|225 (252 | 113 | 1.07 | 528 | 10 | 252
3 0.62 | 5.33 | 252 | 181 | 1.39 | 2.30 | 113 | 147
4 297 1030|252 | 59 | 091 | 3.80 | 92 | 20
5 270 | 5772 | 118 | 252 | 1.11 | 3.40 | 10 | 185
6 2.83 | 559 | 122 | 252 | 391 | 3.92 | 155 | 155
7 099 | 5.62 | 252 | 193 | 494 | 4.41 | 181 | 155
8 5.81 | 1.69 | 252 | 109 | 433 | 5.06 | 155 | 189

9 525|452 | 189 | 160 | 4.86 | 5.28 | 168 | 189
10 354 | 624 | 134 | 252 | 474 | 531 | 164 | 193
11 4.88 | 1.55 | 231 | 105 | 478 | 5.16 | 164 | 189

12 6.14 | 259 | 252 | 123 | 591 | 4.48 | 239 | 147
13 4.99 | 2.69 | 218 | 122 | 6.22 | 2.03 | 46 | 239
14 449 | 276 | 189 | 130 | 5.63 | 2.18 | 252 | 113
15 231 | 2.84 | 134 | 147 | 5.01 | 2.00 | 227 | 113
16 2.09 | 297 | 126 | 151 | 4.03 | 2.14 | 172 | 126

17 1.94 | 330 | 122 | 160 | 4.67 | 2.42 | 206 | 122
18 0 539 1239 | 164 | 4.13 | 252 | 172 | 130
19 274 | 589 | 122 | 252 | 520 | 0.77 | 248 | 92
20 0 0 42 | 42 | 1.12 | 0.17 | 193 | 42

Table 4. Efficiency data for the tetrahedron grating.

Tetrahedron grating efficiencies
Order Power as fraction of incident power (%) | Power as fraction of all orders (%)
m=-2 5.71 9.0
m=-1 8.5 13.4
m=+1 4.5 7.0
m=+42 4.9 7.7
All orders 63.4 -

the accuracy for azimuth, ellipticity, and DOP.

The results of this are listed in Table 5, with values for the RWP obtained from its datasheet
(as of this writing listed on ThorLabs’ webpage at this link). We do not know how the specified
accuracies of the RWP are obtained, so whether they are directly comparable is unknown.
Additionally, we treat the RWP as an absolute polarization reference. Any degree to which this is
not the case will increase the perceived error of the metasurface grating polarimeter.

The overall point we wish to make here is that the accuracies for the metasurface grating
polarimeter closely approach those of the RWP, despite the former being a monolithically
integrated device with no moving parts or bulk polarization optics.


https://www.thorlabs.com/drawings/aae99351321a64f0-077F45C1-0362-E5D9-B9E7B9B1AC0927FF/PAX5710VIS-T-SpecSheet.pdf
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Table 5. Comparison of the two polarimeters.

Quantity Metagrating Polarimeter | ThorLabs Spec Sheet (RWP)
Degree of Polarization (DOP) 1.6% 0.5%

Azimuth 1.32° 0.2°

Ellipticity 0.43° 0.2°

D. Dependence of polarimetric accuracy on angle-of-incidence

A polarimeter is calibrated with a beam impinging at one angle of incidence; if it is then used at
a different angle of incidence, the determined Stokes vector will consequently contain error. This
is an effect relevant to all polarimeters, including the rotating waveplate polarimeter.

We conducted a small study on the metasurface grating polarimeter to determine its suscepti-
bility to angle dependent effects, an important question in assessing its technological relevance. If
the polarimeter is calibrated for a 0° angle-of-incidence, how much could an end user accidentally
tilt the device and still expect to obtain reasonably accurate results? The study presented here is
by no means exhaustive.

D.0.1. Description of error analysis scheme

‘We imagine a scenario in which the polarimeter is used assuming a “perceived” instrument matrix
A, which the user erroneously applies believing that it is correct and an “actual” instrument
matrix A, that reflects the true behavior of the polarimeter. If the user makes an observation in
the form of an intensity vector imeas, they will report a measured Stokes vector §1, = Al‘,limeas.
The Stokes vector in actuality, however, is §a = A;limeas, meaning that there is measurement
error which we can express in vector form as

A(Sa) = (A5 = A Ieas = (A5 = A7HALS, = (A5 A — DS, (11)

The error accrued from use of the incorrect instrument matrix (because of e.g., an angular tilt
of the polarimeter) has a polarization dependence that is fully governed by the matrix (A;,lAa -0
(I is the 4 x 4 identity matrix). The eigenvectors of the matrix A>'A, will merely be stretched or
compressed along the same direction, and will suffer no distortion of azimuth, ellipticity, or DOP.

The above discussion suggests a Monte-Carlo-like error analysis scheme, depicted in Fig. 6.
Beginning with a sampled set of actual Stokes vectors, {§d}, we compute a set of measured
intensity vectors that would actually be observed by the user, {Ieas} = Aa{S,}, corresponding to
each of the actual Stokes vectors. Making use of the perceived (incorrect) instrument matrix A,
the user will compute a set of perceived Stokes vectors {§1,} = Al‘,1 {ime.ds}. An error analysis can

be carried out between {§a} and {§,,} (Fig. 6), with respect to any number of possible quantities
derived from the Stokes vector.

This error analysis scheme reveals how a given Stokes vector will be measured by a polarimeter
that is out of its calibration condition. In general, the whole Stokes vector will be deformed, so a
user measuring a given beam will not only observe a different polarization ellipse, but may also
report a different beam power or a beam that appears artificially polarized or depolarized.

D.0.2. Incident angle error analysis of meta-grating polarimeter

The discrepancy between A, and A, could stem from any error source, though here we wish to
examine the effect of angle of incidence. To this end, we begin by calibrating the polarimeter
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Analysis with wrong

Perceived polarizations . .
instrument matrix

Fig. 6. A schematic of the procedure used to analyze the effect of errors in the angle of
incidence, or more generally of any effect that contributes to error in the instrument matrix,
on reported Stokes vectors from the polarimeter.

at normal incidence. Then, with the meta-grating placed on a rotation mount, the calibration is
repeated at incident angles of 5°, 10°, 15°, and 20°.

In a realistic situation, a user will believe that they are using the instrument matrix from
normally-incident calibration, that is, A, = Age. If, however, the device is tilted at angle 6,
A, = Ag. We perform the analysis detailed above for each incident angle. We take {Ea} tobe a
uniform sampling of points on the surface of the Poincaré sphere. (In a more general analysis, the
entire volume of the sphere would be included too to account for partially polarized inputs).

The results of this analysis are depicted in Fig. 7. For each Poincaré sphere in Fig. 7, the dots
represent the set of test polarizations {§a }. For each angle, the deviation in azimuth, ellipticity,
and DOP is computed between all of the members of {§ »} and {§a} These errors are shown as
the color of the dot on the sphere, with red corresponding to higher error. It can be seen that
for different incident angles and different quantities of interest, different regions of polarization
state-space experience higher error. The maximum and minimum errors for each quantity/angle,
as well as the standard deviation, are also given. We stress again that the positions of the dots in
Fig. 7 represent the actual Stokes vectors, not the measured ones; one could track the way in
which the Poincaré sphere distorts under the influence of the matrix (A;lAa —1I) as well.

The Stokes vectors constituting the rows of the instrument matrix are sometimes referred
to as analyzer vectors because any incident Stokes vector is projected on these to produce the
measured intensities 7. Also shown inscribed in the spheres of Fig. 7 (in pink) are the analyzer
Stokes vectors at angle 6 (the rows of the instrument matrix Ay) alongside the ideal tetrahedron
(gray line) for each case.

D.0.3. Discussion/conclusion

From the previous study whose results are detailed in Table 5, the uncertainty in the DOP, azimuth,
and ellipticity of measured polarization ellipses are known for normal-incidence polarimetry.
In Fig. 7 the average and variance (u and o) of the errors in these same quantities for each angle
of incidence are given. In order to evaluate the effect of off-normal incidence on polarimetric
performance, u + o (or p — o, whichever is larger in absolute value) for each quantity should be
compared to the precisions in Table 5. If these are of comparable magnitude, it can be said that
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max. error = 0.15 max. error = 0.17 max. error = 0.27 max. error = 0.98
min. error = 0.00 min. error = 0.00 min. error = 0.00 min. error = 0.00
Azimuth (0)

50 10° 15° 20°
p=1.15°, 0=3.32° p=-1.55°, 0=8.42° p=-1.95°, 0=10.14° p=-29.62°, 0=67.90°
5 5 5 5

max. error = 16.04° max. error = 135.79° max. error = 91.67° max. error = 163.87°
min. error = 0.00° min. error = 0.00° min. error = 0.00° min. error = 0.00°
- - =
Ellipticity (g)
5¢ 10° 15° 20°
p=0.00°, 0=1.60° p=-0.11°, 0=3.27° p=1.60°, 0=4.30° p=-12.49°, 0=18.73°

max. error = 5.16° max. error = 9.74° max. error = 12.60° max. error = 46.98°
min. error = 0.00° min. error = 0.00° min. error = 0.00° min. error = 0.00°

Fig. 7. Results of angle-dependent polarimetry study. Note that DOP errors are expressed in
absolute terms (i.e., not in %). For each quantity of interest (DOP, azimuth, and ellipticity) and
each incident angle (5°, 10°, 15°, 20°), a Poincaré sphere populated with dots representing
a sample set of Stokes vectors is shown. The color of each dot represents the error in that
quantity a user would report at that accidental misalignment, with red representing higher
error. Also given are the maximum, minimum, mean, and variance of the error over the
sample set for each quantity and angle.
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the expected error from an accidental tilt is inside the measurement uncertainty of the polarimeter
at normal incidence anyway, and its effect is minimal. Even at a 5° misalignment, the errors
(u = o) exceed the uncertainties measured at normal incidence, but not exceedingly so (9% vs.
1.6% for DOP, 4.42° vs. 1.32° for azimuth, and 1.60° vs. 0.43° for ellipticity). Qualitatively, then,
the polarimeter could suffer an accidental misalignment of 5° or less and still offer reasonable
accuracy, with some polarization states that would yield particularly high error (clustered around
the red regions in Fig. 7). Even if the misalignment exceeds this, the grating can still be used for
polarimetry assuming a new calibration is carried out. For this reason the grating can still be
used in a polarization imaging application where a wide angular bandwidth is required, so long
as the angular variations are characterized.

E. Comment on reciprocity, symmetry, and correspondence between polariza-
tion analyzers and generators

Mirror Symmetry Rotation by 180°  Rotation by 90° about z,

1
x
|
Generators
/I_,z X (x/y plane) about x then 180° about x
Y A ! A A
I
X X b X
v : v v
LP @ 0° | LP @ 0° LP @ 0° LP @ 90°
i1 ! 1 x
o I
45 y ! . . X /
I
LP @ 0° ! LP @ 45° LP @ 135° LP @ 45°
A ! A A
1 ! 1 X L3 1
| / '
RCP L L : v y . 4 L
QWP @ | QwpP @ QWP @ QWP @ LP@
P a5 450 P 1350 P 4s°  90°

Fig. 8. On the left, generators (combinations of linear polarizers (LP) and quarter-wave
plates (QWP) that generate x, 45°, and RCP (the cardinal directions on the Poincaré sphere)
are shown. On the right, analyzers constructed from these generators by three different linear
transformations are shown. In each case, one of the three analyzers (marked by a red ’x”)
shown passes the orthogonal polarization rather than the one produced by the generator.
Intuitively, this demonstrates that the analyzer’s Stokes vector differs from the generator’s
Stokes vector in a way that depends on the symmetry of the transformation between the two.

A configuration of polarization optics implementing a singular Jones matrix (meaning it
contains a polarizer-like element) is known as a polarization state generator. No matter the state
of incident light illuminating the generator, the polarization state—that is, the Stokes vector—of
light exiting the generator will always be the same, though its intensity will vary. We denote the
characteristic polarization state produced by a polarization state analyzer as S,.

A polarization state analyzer is a configuration of polarization optics that provides an intensity
modulation depending on the incident polarization. In particular, the analyzer has its own
characteristic polarization S‘lﬁ, and the intensity detected at the exit of the analyzer follows the
trend 7 o Sipe - §(’ It ._SZ corresponds to a fully polarized Stokes vector with p = 1, then the
modulation of intensity with incident polarization state will have perfect contrast (that is, there is
an §mc for which 7 = 0). If not, there is no incident polarization which can completely extinguish
the output intensity.

Polarization optics is reciprocal, and a configuration of polarization optics working as a
generator can also be used as an analyzer. What is the relation, then, between §C and §é‘7 This
depends on the symmetry by which the generator is converted to an analyzer to face the beam.
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This is considered in Fig. 8. On the left side, polarization generators for three cardinal
polarization directions on the Poincaré sphere are shown (x, 45°, and RCP). On the right,
analyzers constructed from these generators are depicted, having been created from three different
transformations of the generator. In viewing Fig. 8, it may be of help to imagine light propagating
from left to right through each of the generators and passing through the analyzers in each of the
three columns on the right.

It can be seen that for each transformation, one analyzer will, instead of passing the characteristic
polarization produced by its generator, pass the orthogonal polarization. For example, in the
first column in the right section of Fig. 8, the analyzers produced will pass x and 45° linear
polarizations, but the circular analyzer produced will pass LCP instead of RCP. In order to pass
RCP and extinguish LCP, the QWP fast axis would have need to rotate 90°. This discrepancy is a
consequence of the change in propagation direction.

If instead the generator is rotated 180° around the x-axis, the generator for 45° polarized light
converts into an analyzer for 135° polarized light, while the generators for x and RCP become
analyzers for those same polarizations.

Finally, a transformation in which the polarizer is first rotated about z by 90° and then 180°
about x converts the x polarization generator into a y polarization analyzer, while the generators
for 45° and RCP become analyzers for those same polarizations.

In each of these example transformations, 370, is the same as . except for the exchange in the
sign of one Stokes component (S5 in the first case, S, in the second, and S in the third). For a
more general transformation, the analyzer vector §£ is related to the generator’s characteristic
polarization S. by a linear transformation in which vectors in some plane of the Poincaré sphere
are left unchanged but the Stokes vector perpendicular to this plane is mirrored about it.

In this work, each order of the diffraction grating is taken to be a polarization state generator
when combined with an initial polarizer oriented at 45°. When transitioning from polarization
generation to analysis, we move the polarizer oriented at 45° from the incident side of the grating
to the output side while changing nothing about the grating’s orientation. The diattenuator and
the retarder commute, so they can be thought of as a single optical element. The effect of moving
the polarizer is the same as a reflection, the leftmost column of the right panel of Fig. 8. In the
case of this work, then, S‘é is the same as 57(, save for a reversal of S3, the chiral Stokes component.
This fact is not used explicitly in the work (since the analyzer vectors are absorbed into the
polarimeter calibration process), but aids in the intuitive understanding of the grating.

This assumes that the polarizer looks the same to light passing through normally (in the
polarization generation scenario) and to light passing through at a diffraction angle (in the
polarimetry case) since only a single polarizer is used for all orders in this work (Fig. 3(c)); any
discrepancy from this is absorbed into the polarimeter calibration.

We note that this coordinate transformation between generators and analyzers is well-known
and more generally understood in polarization optics [69], as well as in quantum mechanics and
linear systems theory. We provide this explanation here to aid in the intuitive understanding of
this work.

F. Packaged prototype

The simplicity of the polarimeter (as is evident from Fig. 3(b)) admits easy packaging into a
prototype laboratory-grade polarimeter.

The grating can be rigidly mounted in front of four simple silicon photodiodes at the correct
angular positions. After amplification, a microcontroller transmits this data serially to a computer
where the computation of the polarization state by Eq. (1) takes place.

Such a prototype is depicted in Fig. 9.



Research Article Vol. 26, No. 17 | 20 Aug 2018 | OPTICS EXPRESS 21478 |

Optics EXPRESS .

Metapolarimege,
CaPasa G’OUp (2017)

Fig. 9. Schematic of a prototype laboratory-grade polarimeter utilizing the tetrahedron
grating presented in this work, which is mounted in the faceplate at the right of the enclosure.
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Abstract

A simple, cost-effective, and high-throughput method of patterning an optical fiber facet using
template stripping to transfer a gold pattern to a UV-curable hybrid polymer is presented. The
template stripping transfer method is demonstrated with two different approaches: A fiber
exposure approach where the position of the transferred nanostructure relative to the fiber can be
aligned by optical curing of polymer through the fiber, and a flood exposure approach that allows
the transfer of a larger area of nanostructure. An in-line metasurface polarimeter patterned on a
1550 nm single-mode fiber facet using this technique is reported, demonstrating the capacity of
the miniaturization of the metasurface polarimeter. The demonstrated fiber-based metasurface
polarimeters are ultra-compact, cost-effective, robust, simple, and deliver high-performance
polarization measurements. They are fully viable alternatives to existing solutions with

applications mainly in polarization state generation and fiber optics communication.

Introduction

Metasurfaces are quasi-two-dimensional optical nanostructures that enable spatially dependent
tailoring of the amplitude, phase or polarization of light. There has been a growing interest in this
new class of optically engineered nanostructures over the past few years as a result of reports of
unconventional light-matter interaction and the promise of miniaturization of optical components
[1]-[3]. Integration of nanostructures onto optical fiber facets has the potential of opening new
applications for highly miniaturized optical devices, such as surface-enhanced Raman scattering

sensors, surface-plasmon-resonance sensors, beam steering structures, fiber optical tweezers,



polarization state generators, and devices for polarization monitoring in telecommunications
networks [4]-[6].

Fabricating nanoscale structures on a fiber tip is a challenging task. The large aspect ratio and
microscopic cross-section of the fiber are not compatible with conventional wafer-based
processing platforms, originating from the semiconductor industry. Instead, many different
approaches have been demonstrated, employing technologies such as focused ion beam milling,
nanoimprinting, two-photon polymerization, and transfer lithography [7]-[9].

Transfer lithography techniques offer convenient methods of high-resolution optical fiber tip
patterning suitable for parallel processing. Many of the reported methods, however, require
complicated processing like mold preparation, manual transfer by mechanical contact, or multiple
film delamination [10]-[12]. In this work we demonstrate a simple nano-transfer technique that
we use to define patterns of metallic nanoantennas on fiber facets. The method involves only a
few simple processing steps, easy alignment and potential for low-cost production.
Metasurfaces enable the fabrication of planar optical components, thereby in many cases
reducing the cost, size, and complexity of existing devices. A few examples are flat lenses [13]-
[15], spectrometers [16], and polarimeters [17]-[19]. A particular instance of devices for
polarization measurement is the in-line polarimeter, which performs non-terminating polarization
measurements of optical signals. Whereas current in-line polarimeters are constructed with
multiple optical components in series [20], a metasurface polarimeter requires only one ultrathin
surface of nanoantennas [17], while matching state-of-the-art fiber-based in-line polarimeters in
terms of speed and precision. In-line polarimeters play a critical role in monitoring and
controlling the polarization in optical communication networks. Integrating the metasurface
polarimeter on an optical fiber would therefore not only represent an important step towards the
ultimate miniaturization of the polarimeter but also be very useful in applications like optical

networks.

Fabrication

The principle of the template stripping transfer processes is illustrated in Fig. 1. The metasurface
pattern was initially written into a layer of polymethyl methacrylate (PMMA) on a silicon wafer
using electron beam lithography. Gold was subsequently deposited on the resist and patterned in

a lift-off process. A 1550-nm single-mode fiber was mechanically cleaved, dipped in a UV-



curable organic/inorganic hybrid polymer (OrmoComp®, micro resist technology GmbH),
leaving a droplet of polymer on the fiber tip, and brought into near proximity to the patterned
silicon wafer (Fig. 1a). The polymer was then cured with 365-nm ultraviolet light using one of
two approaches. With the fiber exposure approach the UV-light was transmitted through the fiber
itself, thus forming a cylindrical polymer rod between the fiber and the wafer as a result of
confinement within the fiber and a self-guiding phenomenon within the optically-cured polymer.
After UV exposure, the fiber was retracted, delaminating the gold from the wafer and transferring
it to the surface of the cured polymer rod, as a result of low adhesion between gold and silicon.
This simple delamination process is known as template stripping [21], [22]. Template stripping
uses the fact that some metals, gold included, have low adhesion when deposited directly on
silicon. The adhesion is high enough that structures do not delaminate during the liftoff process,
but low enough that stripping from the wafer is straightforward. UV-curing through the fiber
ensures that the nanostructure is automatically transferred only to the area corresponding to the
fiber-core (Fig. 1b). Uncured polymer was removed with a developer (OrmoDev®, micro resist
technology GmbH). Fig. 1c illustrates an alternative flood-exposure approach where the polymer
was cured from outside the fiber, thus curing the entire droplet of polymer on the fiber tip. The
metasurfaces transferred to the polymer rod can subsequently be fully embedded in polymer by
repeating the process using a clean silicon wafer without nanoantennas. This is illustrated in Fig.
1d with the fiber exposure approach.

Electron micrograph images of the patterned fibers are shown in Fig. 2. The diameter of the
polymer rod in Fig. 2a is 10— 10.5 um corresponding well to the core size of an SMF-28 optical
fiber. Fig. 3 shows a micrograph of the silicon wafer after transfer lithography with the fiber
exposure approach. It is observed that all antennas in a circular area, corresponding to the mode

size of an SMF-28 optical fiber, are successfully detached from the sample.

Polarimeter on a Fiber Facet

We have previously presented a new in-line, polarization preserving polarimeter design [17]
based on an optical metasurface formed by arrays of nanoantennas [23]. Identical gold nanorods
(250 nm x 50 nm x 20 nm) are arranged with subwavelength-spacing in parallel arrays (see Figs. 2
and 3). The metasurface consists of two antenna arrays with columns of antennas, individually

oriented +45° with respect to the orientation of the columns of each array. The distance between



the two columns of perpendicularly oriented antennas is A(1+1/4) and the column-pairs are
spaced 2, where A is the design wavelength in the polymer material, corresponding also roughly
to the resonance wavelength of the individual antennas. When near-infrared light (C-band
wavelengths) is normally incident on the metasurface, a fraction of the intensity is scattered in
polarization-dependent in-plane and out-of-plane meta-grating orders; each order serving as a
polarization analyzer [24]. The in-plane grating orders stay in the plane of the metasurface,
whereas light in the out-of-plane orders is scattered at an angle close to 45° from the metasurface
plane after refraction at the polymer/air interface. Only out-of-plane orders are used for intensity
measurements, since in-plane orders suffer from lensing and scattering from imperfections at the
edge of the structure. The rescattering of the in-plane orders at the fiber-cladding/air interface is
observed in images in Fig. 4 using an infrared camera and a reflective microscope objective from
Ealing. Aside from mapping the fiber facet to the image plane, the reflective objective serves to
block most of the light from the fiber to avoid overexposing the image. The images of the
rescattering demonstrate the polarization-dependent light scattered by the metasurface.

The transfer lithography processes allows for two different polarimeter designs, a fiber exposure
design that is self-aligned to the fiber core and a flood exposure design, as illustrated in Figs. 1b
and lc. Obviously, the fiber exposure design is the most compact solution and transfers a far
smaller area of the patterned gold than the flood exposure design. However, the signal intensity
of the self-aligned polarimeter is much smaller than the intensity from the flood exposure
polarimeter due to increased scattering from the polymer cylinder itself and the smaller overall
number of antennas. This results in larger error on the measured Stokes vector.

The patterned optical fiber was connected to a fiber laser at a wavelength of 1550 nm, followed
by a deterministic polarization controller (DPC). The intensity of four out-of-plane orders was
measured to obtain information about the polarization of the incoming light. The full information
about the polarization is contained in the 4-element Stokes vector [25]. Output intensity is related
to the polarization by a 4-by-4 analyzer matrix, which is found by calibration to known
polarizations [26]. With at least four intensity measurements the Stokes vector of the incoming
light can therefore be reconstructed using a linear transformation. Four InGaAs photodiodes were
fitted in a 3D-printed holder and aligned to the scattered light from the grating orders with the
help of an xyz stage. The out-of-plane grating orders can be observed in Fig. 5. The images were

recorded by placing the structured fiber directly in front of the infrared camera. The signal from



the diodes was amplified and sampled using a microcontroller [24]. The transmitted light was
coupled back into a second fiber, which was attached to another xyz stage and positioned
approximately 100 um from the metasurface, obtaining a coupling efficiency of about 50 % (-

3 dB) where about 3 % can be related to reflection losses. The unstructured fiber was connected
to a commercial in-line polarimeter (IPL). Since transmission through the optical fibers affects
the polarization of the light, the polarization at the metasurface polarimeter and the in-line
polarimeter were calibrated to the polarization set by the DPC using a commercial free-space
polarimeter (POL) and two manual polarization controllers (MPC), which were placed on the
fibers before and after the metasurface polarimeter. First the MPC on the metasurface fiber was
employed to calibrate the polarization at the position of the metasurface to the DPC by removing
the fiber attached to the IPL and measuring the output polarization with the POL. Then the
unstructured fiber was aligned to the metasurface fiber and the polarization of the IPL was
calibrated to the DPC using the MPC on the unstructured fiber. Schematics of the measurement
setup are shown in Fig. 6 together with measurements from the metasurface polarimeter with the
fiber exposure design. The results in Fig. 6¢ consist of polarization states measured by the
metasurface fiber polarimeter, reference polarizations measured by the deterministic polarization
controller, and polarization measurements using the in-line polarimeter; all represented on the
same Poincaré sphere, viewed from opposing angles. The discrepancy between the DPC and the
IPL polarization measurements is caused by inaccuracy in correction of polarization changes in
the fiber (a 3-dimensional rotation on the Poincaré sphere) and polarization-dependent losses
between the DPC and the IPL that causes a slight asymmetry of the polarization measurements on
the Poincaré sphere (they are stretched towards the polarization state with the highest
transmission). The root-mean-square error (RMSE) between measured and reference
polarizations on all state-of-polarization parameters was around 0.006. Conversely, the RMSE for
the device made using the flood exposure method was around 0.004. The lower error with the
flood exposure approach is expected, due to an increased signal to the detectors. The
improvement in error is, however, to a certain degree compensated by an improved polarization
sensitivity of the polarization analyzers belonging to the device using the fiber exposure method.
The RMSE obtained with the fiber-based metasurface polarimeters corresponds to the same level
of precision that we earlier obtained with 4-output metasurface polarimeters on fused silica

wafers (see appendix), implying that transferring the metasurface to the tip of a fiber does not



deteriorate the performance of the polarimeter. Furthermore, the presented accuracy is obtained
with a power at each photodetector of less than 1 % of the input signal. These results show that
the template stripping transfer lithography method is an effective method for fabricating high
quality optical componts and they suggest that a fiber-based metasurface in-line polarimeter is a
viable alternative to in-line polarimeters based on, e.g., pairs of tilted fiber Bragg gratings
separated by birefringent fiber sections. Due to the inherent wavelength sensitivity of the
metasurface design, we have shown that the metasurface polarimeter furthermore has a potential

to extend its functionality to act as a wavemeter [27].

Conclusion

We have presented a new transfer-lithography process based on template stripping for
nanostructuring of optical fiber facets. The applicability of this novel approach has been
demonstrated by transferring a 4-output metasurface polarimeter to the facet of a 1550 nm single-
mode fiber. The results show that the performance of the metasurface polarimeter is not
negatively affected by the transfer from a wafer to an optical fiber.

The metasurface polarimeter-on-a-fiber is an excellent candidate for telecommunication
applications with exceptional stability and compactness and no subsequent pigtailing
requirements. The presented transfer technique may also be useful for sensor applications, such
as fiber-based surface-enhanced Raman scattering probes and surface-plasmon-resonance
sensors. By including active alignment of the silicon wafer base, the future prospect of the
technique also includes integration of wavefront shaping elements like flat lenses and g-plates
(spin-to-orbital angular momentum converters) directly onto the fiber facet. Furthermore, the
demonstration of multiple-layer hybrid polymer structures opens for fiber-based devices with

several consecutive layers of metasurfaces.

Appendix

We compare the performance of the fiber-based metasurface polarimeters with the performance
of a fiber-coupled wafer-based metasurface polarimeter. The antenna arrays of the wafer-based
metasurface polarimeter are embedded in layers of benzocyclobutene (BCB) polymer on top of a
fused silica wafer. More fabrication details can be found in [24]. Polarization measurements (red

circles) of a wafer-based polarimeter are shown in Fig. A1l together with reference polarization



(blue dots). The polarimeter is measured in an out-of-plane configuration. Measurements using
the two different fiber-based metasurface polarimeter designs are shown in Figs. A2-A3 for
comparison. The uncertainty on the polarization measurements (red error bars) is calculated from
uncertainty in the intensity measurements and from error propagation through the calibration
process using the general error propagation formula [28]. The uncertainty of the degree of
polarization (DOP) is calculated from the uncertainty of the Stokes parameters [29].

The root-mean-square error (RMSE) between polarization states measured by the wafer-based
metasurface polarimeter and reference polarization states for the wafer-based polarimeter is
0.005. We can therefore conclude that we have obtained the same level of precision with the
fiber-based polarimeter as with the wafer-based polarimeter. It should be noted, however, that the
variation in the polarization response between the polarization analyzers of the three devices
affects the error and causes an uncertainty in the RMSE. Also the variance of the measured

intensities, caused by electronic noise, is higher for the wafer-based metasurface polarimeter.
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Fig. 1. (a) An optical fiber (white cylinder) with a drop of polymer (green hemisphere) on the tip
in proximity to a metasurface consisting of arrays of gold nanoantennas. The metasurface is made
of two superimposed gratings of antenna columns arranged in a pattern where the antennas in
each column are rotated 90° relative to antennas in the neighboring column. (b) The polymer is
UV-cured through the fiber core resulting in only the antennas under the center of the fiber being
released from the wafer. (c) The polymer is UV-cured using flood exposure resulting in a larger
metasurface area being released from the surface. (d) A second layer of polymer is cured on top
of the existing polymer. The polymer is cured on an unstructured surface to ensure a flat end face.



Fig. 2. Micrograph images of patterned fibers. (a) Image of a polarimeter fabricated with the
fiber exposure approach, showing the 10 pm-diameter polymer rod with gold nanoantennas on
the top. The inset shows a zoom-out of the entire fiber tip that has diameter of 125 pm. (b) Image
of a patterned fiber facet using the flood exposure approach, where a much larger area of
nanoantennas arrays is transferred. The inset shows a zoom-in of the transferred nanoantenna
arrays (the scale bar represents a length of 2 pm).

Fig. 3. Electron micrograph of metasurface on a silicon wafer after stripping. In the middle of the
image is a circle with a diameter of about 10 um, where the gold nanoantennas have been
transferred to the fiber tip. The scale bar represents a length of 1 um.
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Fig. 4. Fiber-cladding images of an optical fiber facet patterned with a flood exposure
metasurface polarimeter design. In-plane orders are seen rescattered out of plane at the fiber-
cladding/air interface. The bright spot in the middle is the light emitted from the fiber that
escapes being blocked by the reflective objective. The relative intensity of scattered orders varies
with the polarization of the incoming light. (a) Right-hand circular polarization. (b) Left-hand
circular polarization. (c¢) Horizontal linear polarization. (d) Schematic of fiber facet showing the
dimensions of the cladding.
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Fig. 5. Images of the out-of-plane orders for (a) fiber exposure design and (b) flood exposure
design.



Fig. 6. (a) A schematic of the measurement setup showing a fiber laser connected to a
deterministic polarization controller (DPC) with a 1550 nm single-mode fiber. The
nanostructured fiber is connected to the output of the DPC and aligned to four photodiodes using
a 3D-printed holder (the semitransparent box). An optical fiber with an unstructured tip is aligned
to the nanostructured fiber to couple the signal into a commercial in-line polarimeter (IPL). The
commercial free-space polarimeter (POL) and the manual polarization controllers (the two small
boxes on the fibers) are used to calibrate the polarization. (b) The configuration of the
photodetectors is illustrated. The diodes are scaled down in size relative to the fiber. (c)
Measurements of the polarization state depicted on a Poincaré sphere, viewed from two opposite
angles. Red dots are measurements using the metasurface polarimeter with the fiber exposure
design, blue dots are reference polarization states measured by the DPC. The open blue circles
are polarization states measured by the IPL.
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Fig. Al. Polarization measurements at a wavelength of 1550 nm using a wafer-based
metasurface polarimeter. The first subplot is the power of the incident light, which is proportional
to the first element of the Stokes vector, So. The next subplot is the degree of polarization (DOP)
and the three last subplots are the parameters characterizing the state of polarization (SOP), s —
s3. The red circles are the polarization measurements of the metasurface polarimeter, the blue
dots are the reference polarizations set by the deterministic polarization controller (DPC).
Standard deviation on the reference polarization measurements is not depicted on the plot, since
the size of the error bars would be smaller than the size of the marker.
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Fig. A2. Polarization measurements at 1550 nm using the fiber-based flood exposure metasurface
polarimeter.
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Fig. A3. Polarization measurements at 1550 nm using the fiber-based fiber exposure metasurface
polarimeter.








