N

N

Tailoring Orbital Angular Momentum of Light in the
Visible Domain with Metallic Metasurfaces
Davit Hakobyan, Hernando Magallanes, Gediminas Seniutinas, Saulius

Juodkazis, Etienne Brasselet

» To cite this version:

Davit Hakobyan, Hernando Magallanes, Gediminas Seniutinas, Saulius Juodkazis, Etienne Brasselet.
Tailoring Orbital Angular Momentum of Light in the Visible Domain with Metallic Metasurfaces.
Advanced Optical Materials, 2016, 4 (2), pp.306-312. 10.1002/adom.201500494 . hal-01275916

HAL Id: hal-01275916
https://hal.science/hal-01275916
Submitted on 18 Feb 2016

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/hal-01275916
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

-
™
=
[
-l
wl
=
b

306 wileyonlinelibrary.com

O
MATERIALS

www.advopticalmat.de

'a\
M“L:lii"§

www.MaterialsViews.com

Tailoring Orbital Angular Momentum of Light in the Visible
Domain with Metallic Metasurfaces

Davit Hakobyan, Hernando Magallanes, Gediminas Seniutinas, Saulius Juodkazis,

and Etienne Brasselet™

Submicron-thick gold films endowed with subwavelength patterning allow
on-demand topological shaping of light, hence the precise delivery of optical
orbital angular momentum. Several kinds of metallic metasurfaces enabling
the generation of optical vortices with arbitrary topological charges in the
visible domain are fabricated following a design based on space-variant
subwavelength grating with discrete orientational distribution. The optical
performances of obtained flat spin—orbit optical elements designed to operate
at 532 nm wavelength are experimentally assessed and satisfactorily com-
pared to expectations. About 80% of optical vortex generation purity for
predetermined topological charge up to | /| =10 is achieved. Other designs
that allow continuous orientational distribution of nanogratings as well as the
superposition of orbital angular momentum states are also proposed.

1. Introduction

Engineering the phase and polarization of light is nowadays rou-
tinely achieved in research laboratories, especially in the frame-
work of the so-called singular optics.t! In particular, several
techniques have been developed to generate light beams endowed
with phase singularities, commonly named “vortex beams,”
whose amplitude is proportional to exp(i/¢), with ¢ integer
and ¢ the polar angle in a plane perpendicular to the propaga-
tion direction. A major interest in optical vortex beams is the fact
that they carry £/(# orbital angular momentum per photon along
the beam propagation direction,””) where * sign depends on the
used complex fields’ representation. Initially, the development
of devices enabling optical vortex generation has been made at
the macroscopic scale by shaping optical wavefronts in various
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ways. One can mention the use of spiral
phase plates,3¥ computer generated holo-
grams, > optical mode conversion,”! lasing
on higher-order modes of resonators,®l light
propagation in uniaxial crystals,®'? and
space-variant Dbirefringent retarders with
formed!'l or naturall'? birefringence. Since
then, these approaches have been improved
and singular photonic technologies have
emerged, a large set of products being
now available to generate vortex beams.
Still, from a practical point of view, mature
options remain those relying on bulk and
macroscopic optical elements.

Quite naturally, research efforts have
been made to miniaturize singular optical
devices. For instance, femtosecond 3D
direct laser writing technique has been proposed to fabricate
microscopic spiral phase plates!'®l and easy-prototyping of almost
arbitrary singular microoptical elements with standard optical
quality is now achievable."!>] On the other hand, self-engi-
neered topological defects of liquid crystals have been shown to
behave as small-scale optical vortex generators based on spin—
orbit interaction of light. In particular, the initial approach based
on droplets (1-10 pm diameter)!'% evolved toward the use of thin
(10-100 pm thick) films whose efficiency, diversity, tunability,
and reconfigurability stand with more than decent figures of
merit."”-?Y1 Another approach consists to functionalize existing
integrated optics subsystems with singular features, for instance,
by twisting weakly deformed fibers??!l or by using corrugated ring
microresonators coupled to waveguides.??! Of course, above few
examples do not aim at providing an exhaustive list of recent
progresses and, in order to partly fill this gap, one may refer to
ref. [23] for a review of several strategies toward the elaboration
of compact singular photonic devices. In particular, the use of
ultrathin (i.e., with subwavelength thickness) artificially struc-
tured surfaces received a growing interest since a few years,
as summarized in several recent reviews.?*?’] The common
denominator of these approaches is subwavelength structuring
of ultrathin material layer that confers “meta’-properties to it,
from which originates the terminology of optical “meta”-surfaces.

In this work, we address the particular case of optical vortex
generation with topological charge ¢ up to | /| =10, in the visible
domain, by using nanostructured metallic thin films following an
approach introduced by Hasman's group in the early 2000s in the
mid-infrared domain." The idea consists to benefit from the spin—
orbit interaction of light owing to azimuthally varying artificially
birefringent waveplates made of inhomogeneous subwavelength
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where § = e refers to the dichroic character

of the metasurface.

Experimentally, an ideal design should sat-
isfy a maximum purity 77=1. From Equation
(2) this corresponds to the double condition
A=(2n+1)zr (n is an integer) and 6 = 1. For
this purpose, we used a design inferred from
previous numerical simulations performed
for gold nanogratings,?” which is described
in Section 2, where the structural charac-
terization of the fabricated micro-optical ele-
ments is also presented. Then, we report in
Section 3 on the generation of optical vortex
beams with predetermined topological
charges and quantify the performances of
our metasurfaces. Finally, our results are dis-
cussed in the framework of previous metallic
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’/
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—
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Figure 1. SEM images of a—c) fundamental [m = -1/ 2] and d-f) high-order [m = —5] metasur-
faces with thickness h =300 um, diameter D =100 um, grating period A =500 nm, and slit width

=160 nm. Each device is made of 16 | m| sectors of angular width «,, = 7/(8
steps for the grating orientation between adjacent sectors; see panels (b) and (e). The central
part of high-order metasurfaces is purposely left unstructured over a disk of diameter d =10 um
in order to preserve a proper resolution of the azimuthal pattern; see panels (d) and (e).

grating. The process at play can be described in a simplistic—
however efficient—manner assuming an incident circularly polar-
ized plane wave Ej, e<c,_.;, Where ¢, =(x+10'y)/x/§ denotes
circular polarization unit vector, impinging at normal incidence
onto a inhomogeneous and optically anisotropic slab having an
azimuthal distribution of the optical axis orientation y(¢)=me
(m is a halfinteger) and a complex birefringent phase retardation
A=A+iA’. Indeed, neglecting the correcting propagation effects
that enrich the radial structure of the output beam,?® the output
light field is expressed as?’!

Eo. o< cos(A [2) ¢, +isin(A/2)e”™ ¢, (1)

Above equation emphasizes that the polarization conversion
process €, — €, is associated with the generation of an on-
axis optical phase singularity with topological charge /=2om.
That is to say, the ¢_,-polarized component of the output light
field carries an orbital angular momentum €7 per photon. The
figure of merit of such a spin—orbit interaction process is then
evaluated by the quantity 1n=( E.. ¢, [)/|E A
called purity in what follows, that is expressed as

_ (1-8)’cos’(A/2)+(1+5) sin’(A/2)
- 2(1+87)

(2)
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nanostructure approaches that aim at tai-
loring the optical orbital angular momentum
of the visible light. Transmission issue is
also addressed; indeed optimal devices are
obtained when maximum purity meets max-
imum transmission.

2. Metallic Metasurfaces: Design,
Fabrication, and Characterization

200 nm

Following numerical analysis reported in
ref. [30], we designed optimal gold metasur-
faces with diameter D = 100 pm for 532 nm
wavelength. By choosing layer thickness
h = 300 nm, grating period A = 500 nm, and
slit width W = 160 nm, one actually expects
A=7m and & =1% In practice, we opted in
favor of a piecewise pattern made of 16|m|
sectors with identical angular width ,, =7/(8|m|) and 7/8 ori-
entational steps between two adjacent sectors. Metallic metasur-
faces are patterned via direct ion beam lithography, and scanning
electron microscope (SEM) images of structures with m=-1/2
and m = -5 are shown in Figure 1.

The fabrication protocol is identical for all realized struc-
tures. It starts with a 500 pm thick BK7 glass used as a substrate
for metal deposition. The substrate is sonicated for 10 min in
acetone and methanol to remove contamination and enhance
surface adhesion for metal deposition. Then, a 5 nm adhesion
layer of chromium is electron beam evaporated, followed by a
magnetron sputtered 300 nm thick gold layer using the same
deposition system (K. J. Lesker, AXXIS) without breaking the
vacuum. The coated substrates are then placed into a lithog-
raphy system (Raith, IonLiNE) where focused Ga* ions are used
to mill the designed patterns. The central part of high-order
metasurfaces is purposely left unstructured over a disk of diam-
eter d=10pum in order to preserve a proper resolution of the
azimuthal pattern, which corresponds to a negligible fraction
(1%) of the whole metasurface area.

The inhomogeneous optical properties of the fabricated
metasurfaces are retrieved by determining the spatial distribu-
tion of the output polarization ellipse azimuth angle, ®(x,y),

(8| ml) with /8
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Figure 2. Optical characterization of the space-variant optically aniso-
tropic features of metasurfaces of order m=-1/2 and m=-5. a,c) Local
optical axis orientation angle y as a function of the azimuthal angle
@. b,d) Insets refer to experimental 2D maps of the angle v in the (x,y)
plane.

under circularly polarized illumination. Indeed, neglecting
dichroism, ® lies at a *45 angle from the local optical axis
angle y depending on the actual values of the birefringent
phase retardation and the incident polarization handedness.
In practice, y is therefore determined by recording a set of
four images of the structure illuminated by circularly polar-
ized light with almost uniform intensity distribution over the
metasurface by placing at the output of the structure a polar-
izer at four different angles separated by 45°; see ref. [16] for
details. The results are shown in Figure 2 for the structures
presented in Figure 1, noting that one has by construction
D) - ©(0) =y (¢) -y (0). The measured spatial distribution of
the optical axis orientation follows the pattern expected from
the design; see the red curves in Figure 2.

3. Topological Shaping of Light: Generation of
Optical Vortex Beams

The generation of vortex beams as such is explored by illumi-
nating the metasurface at normal incidence with a ¢, circularly
polarized paraxial Gaussian laser beam at 532 nm wavelength.
The sample is located at the focal plane of the Gaussian beam,

© 2015 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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where the beam waist radius at exp(—2) from its maximal inten-
sity is w, = 25um. We can thus consider that all incident light
is processed by the metasurface and, since the associated beam
divergence is 6, = 0.4, the plane-wave formulation of the spin—
orbit interaction process described by Equation (1) can be fairly
used in practice.

Since the optical vortex is embedded in the c_s-polarized
component of the output light beam, it can be selected by
placing after the sample a quarter-waveplate followed by a linear
polarizer oriented at a —545° angle from the quarter-waveplate
slow axis. The intensity profiles of the vortex beams obtained
from metasurfaces with order m=1/2 and m=5 are shown
in Figure 3a,d. As expected, a doughnut pattern with zero on-
axis intensity is obtained for m =1/2, whereas for m=5 a spu-
rious on-axis hot spot is observed in the center of the doughnut
intensity profile, which results from the unstructured central
part (see Figure 1d,e).

On the other hand, the spiraling spatial distribution of the
phase of the generated vortex beam is experimentally assessed
by scrutinizing the interference pattern obtained from its
coherent superposition with a reference Gaussian beam having
identical polarization state. The resulting 2|m|-arm spiraling
intensity patterns, whose handedness depends on the helicity
o of the incident light, are shown in Figure 3b,c for m=1/2
and in Figure 3e,f for m =5. These results clearly indicate the
generation of on-axis optical phase singularity with topological
charge ¢ =20m, as expected from Equation (1).

The performance of the metasurfaces regarding their ability
to tailor the orbital angular momentum of light is then evalu-
ated by measuring the power P, of the ¢is-polarized compo-
nent of the output light beam, which are respectively selected
by orienting the linear polarizer at a 545 angle from the
quarter-waveplate slow axis. From the definition of the purity 7,
one thus gets n=P ,/(P, + P.,). We find ) = 78% independently
of the metasurface order m. Obviously, the actual figure of
merit of the metasurfaces does not meet the expectation from
the optimal design that implies 1 =100%, which can be attrib-
uted to unavoidable fabrication imperfections.

Still, it is worth considering which of the real or imaginary
parts of the complex birefringent retardation A is the most det-
rimental to reach optimal performances. For this purpose, we
fabricated a 100 um X 100 um straight grating (i.e., m = 0) with
identical thickness, period, and slit width as before. Indeed, &
can be estimated from the ratio between the power B, of the
output light beam when the incident beam is linearly polarized
along and perpendicular to the grating wavevector. Namely,
& =(P/P.)"* and we find § = 0.95 . Combining this value to the
measurement of 7], Equation (2) allows us to deduce A=0.7x
or 1.3z. The fact that positions of metasurface slit segments
were slightly shifted with respect to one another due to sample
thermal drifting over a long fabrication time (a few hours
for one device) is likely to be part of the explanation for the
observed 30% deviation from the designed value for A.

We also explored the broadband performances of the meta-
surfaces by demonstrating white light vortex generation. This
is done by using a halogen lamp as a polychromatic source
and achromatic quarter-waveplates to prepare and select
input/output contracircular polarization states over the visible
domain. In practice, we prepared a secondary white light source

Adv. Optical Mater. 2016, 4, 306-312
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information found in the literature. This
refers to ref. [30] whose numerical develop-

/\

b c

N\ ments have been used here to design our
structures and where the experimental gen-
eration of radially polarized beams at 633 nm
wavelength from discrete space-variant sub-
wavelength gratings is reported. Besides
the use of inhomogeneous gratings, there
are several studies based on the use of plas-
monic nanoantennas of various shapes to
address topological shaping of light.?*%"l In
particular, there is a recent work dealing with
L-shaped nanoantennas that provides with
a detailed performance analysis,?!! though
in the near infrared range 760—790 nm. In

beam in the case of a)

o = =1; see panels b) and c) for m=1/2 and panels e) and f) for m=5.

by using a 100 pm diameter pinhole that allows us to increase
the spatial coherence of the polychromatic source. This allows
clear visual identification of the characteristic doughnut inten-
sity profile of a white light vortex beam; see Figure 4a in the case
of m=1/2, where its red, green, and blue spectral components
(bandpass filters with 3 nm full-width half-maximum (FWHM)
transmission spectrum) are also shown. The yellowish color
of the white light vortex intensity pattern shown in Figure 4a
is reminiscent of the dispersive characteristics of the metallic
nanostructure, which suggests a wavelength-dependent optical
vortex generation process. Experimentally, this is explored by
measuring the purity 77 in the visible domain by using a set of
nine bandpass filters whose central wavelengths are separated
by 50 nm and with 10 nm FWHM transmission spectrum. An
additional measurement is performed by using a bandpass
filter for 532 nm wavelength with 3 nm FWHM transmission
spectrum, which gives a bit lower purity (=70%) than the one
measured with 532 nm laser radiation. The results for m =1/2
are shown in Figure 4b that emphasize the broadband capabili-
ties of the metallic nanostructures.

4, Discussion

Quite surprisingly, the quantitative comparison of the present
experimental results to the previous metallic approaches in the
visible domain is not an easy task due to the lack of precise

Adv. Optical Mater. 2016, 4, 306-312

d e
Figure 3. Experimental intensity pattern of the circularly polarized component of the output
vortex field whose polarization state is orthogonal to the incident circularly polarized Gaussian

m=1/2 and d) m = 5. Interference pattern of the generated optical vortex
beam of charge /=20m with a coaxial Gaussian beam for two different incident helicities

© 2015 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

that work, an experimental purity n=10% is
achieved®! whereas an improvement up to
1=35% has been very recently reported!3
(note that “purity” p introduced in ref. [32]
is related to our definition of 1 via the rela-
tionship n=p/(1+p)). That is to say, our
experimental attempt to generate light beams
with well-defined orbital angular momentum
states in the visible domain appears to be
fairly good. From a theoretical point of view,
we note a very recent study on optical vortex
generation using corrugated metallic nanow-
ires at 1.5 pm wavelength.3% The latter work,
which accounts metal losses, reports on effi-
ciencies of 35% for /=1 and 60% for /=2,
which correspond to purity of 90% and 97%,
respectively, recalling that efficiency equals
purity times transmission.

An alternative option to generate optical vortex beams from
space-variant subwavelength grating is to consider continuous
rather than discrete orientational distribution. In fact, it has
been proposed that closed-path nanoslits endowed with geo-
metrical cusps allow the effective optical axis orientation angle
v to cover any integer multiple of the range 0 <y < 7.B34 Typ-
ical examples are found looking at the family of curves that cor-
respond to the trajectory of a point attached to a given circle as
it rolls without slipping within and around another fixed circle,
namely hypocycloids (subscript h) and epicycloids (subscript €).
These classes of curves are basically described by their number
of cusps m;, 23 and m, 21, and characterized by a circulation
along their contour s= —<ﬁdl//, which is equal to s, =1—m;,,/2
and s, =1+m,/2. The light field just after sample is thus charac-
terized by the topological charge ¢ = 20's for the contracircularly
output component generated by spin—orbit interaction in the
case of circularly polarized incident light.?) The hypocycloid-
like case (i.e., constructed from arcs of circles) has been investi-
gated experimentally in ref. [35] and here we report on the actual
hypo/epicycloids; see Figure 5a—f where the characterization of
inhomogeneous birefringent properties is shown for a set of
structures with increasing number of cusps. The latter data
confirm continuous mapping for y with s, =(-1/2,-1,-3/2)
(Figure 5a—c) and s, =(3/2,2,5/2) (Figure 5d-f). On the other
hand, the effective birefringent phase retardation evaluated
at 546 nm wavelength is found to be A=0.077 for h =60 nm
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White light and W =400 nm, A=0.27 for h=60 nm and W =70 nm, and
a A =0.557 for h =200 nm and W = 40 nm, which correspond to
the explored set of parameters.

Although the cusped approach is attractive as such, prac-
tical limitations arise from small geometrical cross-section
of a single slit. This issue can be addressed by considering
nested geometries; see Figure 5 where SEM (panels (g) and
, A \ (h)) and polarimetric birefringent imaging (panels (i) and (j))

A =633 nm A =532 nm A =488 nm of five nested hypocycloidal slits with m, =3 and m, =4 are

shown. Noting that fabrication capabilities allow us to realize
any combination of slit geometries, one may consider to gen-
erate arbitrary superposition of vortex beams from a single
circularly polarized light beam with possible use for creation
and manipulation of 3D knotted and linked lines of zero inten-
sity embedded in a beam.¥ As an example of multifunctional

element, Figure 6 shows optical profilometer images of 60 nm

b 17 . . . . thick, 20 um diameter gold disks endowed with 150 nm width

hypocycloidal slits of orders m,, =3 (panel (a)), m, =4 (panel

(b)), and m;, =5 (panel (c)), which combine at the micron scale

both negative (hypocycloid geometry) and positive (circle geom-

Q 8 etry®’)) circulations of the optical axis angle y. This particular

0.6 | e 1 example allows us to emphasize that edges also allow spin—

n 5 ) Q o) 5 5 orbit interaction, though in a less efficient manner than slits;

0.4 | 5 | indeed, polarimetric birefringent imaging measurements give

effective birefringent phase retardations evaluated at 546 nm

wavelength A, =0.037 and Ay, =0.077 for the structures
shown in Figure 6.

Noteworthy, the relatively low power transmission of the

0 L. s . . . studied micro-optical elements nevertheless appears as a

400 500 600 700 800 serious practical issue. Indeed, although efficient, the topo-

A (nm) logical shaping of light obtained with present structures corre-

sponds to an =2% power transmission. To address this issue,

Figure 4. Polychromatic optical vortex generation for the structure of order the use of dielectric metasurfaces should be considered, which

m=1/2 using a halogen lamp. a) Intensity pattern of the generated poly- 1S a recent topicl®® that has already led to many interesting

chromatic optical vortex is shown with its red, green, and blue spectral com-  developments in beam shaping in the near-infrared domain

ponents. b) Wavelength dependence of the purity 17 in the visible domain. (A =1.5um) where silicon offers high transmission.?**2 Still,

-
™
=
[
-l
wl
=
b

0.8

0.2

Individual cusped nanoslits Nested nanoslits

10 um 10 um

Figure 5. Experimental reorientation map reconstructed from polarimetric birefringent imaging of cusped closed-path nanoslits inscribed in a 20 um
diameter circle in the case of a—c) 200 nm thick, 40 nm width hypocycloidal slits with m, = (3,4,5) and d—f) 60 nm thick, 400 nm width epicycloidal
slits with m, =(1,2,3). Luminance is proportional to the effective birefringent phase retardation A whereas the colormap refers to the orientation angle
of the local optical axis y as shown up-right in panel (a). g,h) SEM picture of five nested 60 nm thick, 70 nm width hypocycloidal slits for m, =3 and
my, = 4, where the dashed circle has 20 um diameter. i,j) Corresponding polarimetric birefringent imaging.
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Figure 6.
endowed with 150 nm width hypocycloidal slits of order m, =

the dielectric analog of present metallic structures would also
suffer from dispersion regarding the broadband optical vortex
generation capabilities. Although the quantitative analysis of
such an issue is beyond the scope of the present study, one can
suppose that appropriate choice of materials and substructure
design of the nanograting grooves could lead to interesting
broadband properties. Nevertheless, the metallic approach
remains endowed with valuable added values such as plasmonic
resonances, and it is likely that hybrid metasurfaces combining
metallic and dielectric features will offer new functionalities.

5. Summary

We reported on the fabrication and characterization of small-
scale optical vortex generators made of metallic metasurfaces
following the known concept of space-variant subwavelength
gratings that relies on spin—orbit interaction of light. The realized
nanostructured micro-optical elements allow efficient tailoring
of the orbital angular momentum of light in the visible domain.
Topological shaping of light with purity up to =80 % has been
achieved and the broadband performances of the metasurfaces
have been investigated. Also, we discussed discrete versus con-
tinuous approach regarding the spatial distribution of effective
optical axis arising from subwavelength structuring as well as the
possible realization multifunctional topological optical elements.
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