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ABSTRACT

Agile management of the optical orbital angular momentum encompasses temporal, spatial, and spectral aspects that, once combined, offer
new perspectives in our way to manipulate light. To date the spectral control is mainly limited to tunable operating wavelength and
polychromatic capabilities. Recently, a multispectral approach has been proposed [Phys. Rev. Lett. 121, 213901 (2018)] to achieve
independent orbital angular momentum state control on multiple spectral channels. Here we report on the design, fabrication and
implementation of a solid-state multispectral approach that consists of arrays of optical diamond micro-metasurfaces. Obtained device exhib-
its superior performances with respect to the original attempt, both regarding the spectral vortex purity, the ability to deal with high photon
flux, and the orbital angular momentum diversity across the spectrum. These results motivate further development of metasurface-based

integrated spin-orbit photonics technologies.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0048999

Manipulating the spatial degrees of freedom of light is a routine
optical process achieved by the so-called spatial light modulators,
which goes beyond bespoke use in research laboratories. Indeed, spa-
tial light modulators have become essential in many technologies such
as laser 3D printing, ultrafast pulse shaping, optical holography, opti-
cal manipulation, optical computing, or optical imaging. The basic
idea is to impart independently controllable local changes of either
polarization state, phase, intensity, or propagation direction to an inci-
dent light field. In the framework of the present work devoted to the
management of optical orbital angular momentum, here we deal with
imparting azimuthally varying phase profiles to an incident Gaussian
beam. This is customarily achieved in a flexible way in time, space,
and wavelength by using programmable liquid crystal spatial light
modulators that provide uniform phase control at the pixel scale.

Still, managing the wavelength-dependent orbital angular
momentum state of a polychromatic light beam remains a difficult
task that attracts recent interest under various perspectives (optical
imaging, optical manipulation, ultrafast laser physics, structured light-
matter interactions), see for instance." ° In particular, it has been pro-
posed to use arrays of non-uniform pixels, each of them acting as a
spin-orbit geometric phase spatial light modulator endowed with

vortex shaping functionality for a given wavelength.” By doing so,
multispectral management of the photon orbital angular momentum
has been experimentally reported, however, with some limitations
inherent to the use of localized liquid crystal umbilical defects.
Namely, (i) the integer topological charge ¢ of the set of the generated
quasi-monochromatic vortex fields, which refers to a field amplitude
proportional to exp (i¢¢) where ¢ is the azimuthal angle in the trans-
verse plane with respect to the propagation direction of light, is
restricted to the value |¢| = 2; (ii) the purity parameter 1, which refers
to the power fraction of the output field that experiences the phase
shaping, is limited to the range 0.8 < 1 < 0.95 in the explored visible
spectral range with less than 200 nm extent; (iii) there is a variability of
the singular phase mask centering with respect to the pixel; (iv) the
device is limited to the use of low-level optical intensities. Here we
solve all these issues by using a highly transparent solid-state approach
that consists of arrays of topological pixels made from diamond
micro-metasurfaces, thus enriching diamond optics and photonics’
with a new twist.

In our experiments, we choose a subwavelength grating design
according to Ref. 8. The difference with the latter artificial space-
variant birefringence approach, where the in-plane orientation angle
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of the grating wavevector—that is the effective optical axis—varies
continuously with ¢ according to y = g¢ with g integer or half-
integer, is that we use a piecewise version of it. Specifically, we use a
16|g|-sector design similar to that used in Ref. 9, where  varies by
7/8 step between two adjacent sectors. A structural design of order g
is intended to produce an optical vortices with topological charge
¢ = *2q owing to the spin-orbit interaction of light."’ Indeed, once
irradiated by a circularly polarized light beam with helicity ¢ = =1,
which refers to the circular polarization handedness, the contra-
circularly polarized light emerging from a structure characterized by
acquires a pure phase term exp (2ioy/) of a geometric nature.
Topological metapixels having 100 um diameter and 200 nm grating
period are made out of polycrystalline chemical vapor deposited dia-
mond. We note that the proposed approach generalizes previous real-
izations of geometric phase diamond metasurfaces, so far restricted to
|¢| =2"" in the infrared domain, to arbitrary values of topological
charges in the visible domain as recently anticipated."”

The metapixels are fabricated from 10 ym thick diamond mem-
branes supported by a silicon frame supplied by Diamond Materials
GmbH and the main steps are summarized in what follows. At first,
the membranes are cleaned in H,SO,:H,0, 2:1 solution at 120 °C to
remove organic contamination. Then, the membranes are sputter-
coated with 10 nm thick Cr layer and subsequently spin-coated with
~500 nm thick negative tone resist FOX16. The resist is patterned in
electron beam lithography system Raith EBPG 5000PlusES using
100keV electron energy. After the exposure, the samples are developed
for 5min in Microposit 351:H,0O 1:3 solution at room temperature,
then thoroughly rinsed in de-ionized water and isopropanol. The
unmasked part of the Cr layer is removed in a Cl,/O,-based plasma
etching step revealing the underlying diamond for subsequent etching.
Finally, the resist pattern is transferred into diamond by oxygen
plasma etching in Oxford PlasmaLab 100 with the following etching
parameters: chamber pressure of 1.3 Pa, 30 cm’min ! O, flow rate,
powers of inductively coupled plasma and radio frequency are 750 W
and 100 W, respectively. After diamond etching, the remaining resist
mask is stripped in 10% HF solution and the samples are cleaned in
Cr etchant and H,SO,H,0, 2:1 solution, followed by rinsing in
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de-ionized water and isopropanol, leaving the structures ready for
immediate use.

A typical metapixel with g=1 is shown in Fig. 1(a) and succes-
sive enlargements displayed in panels (b) and (c) allow appreciating
finer details and structural quality. Note a disk shaped central area
with 1 um radius is purposely left unstructured for practical reasons.
The etching depth h ~ 800 nm, the fraction F ~ 0.65 of the grating
period that is filled with diamond, and electron beam exposure dose of
7500 uC cm 2 are chosen in order to optimize the purity parameter
over the whole visible domain. The overall purity performance of
seven distinct metapixels enabling the generation of optical vortices
with topological charge 1 < |¢| < 7 in the visible domain is summa-
rized in Fig. 1(d). The measurement consists in acquiring the trans-
mission spectra T*%) (1) of the *g-polarized output components for
an incident ¢-polarized Gaussian beam with 56 um diameter centered
on the metapixel, from which 5 = T(-?) /(T(®) 4 T(-9)) is evaluated.
We obtain 0.9 <# < 0.99 over the spectral range 430nm < A
< 800 nm. This outperforms previous polychromatic features’ while
not requiring to adapt the fabrication parameter to the considered mul-
tispectral field made of a superposition of N distinct spectral channels.
In fact the latter ultra-broadband feature results from the trapezoidal-
like rather than square-shaped grating profile [see Fig. 1(c)], which is a
known asset of diamond subwavelength gratings optics already
exploited for infrared high-contrast astronomical imaging. -

Our approach relies on the spatial arrangement of above-
mentioned seven metapixels into one dimensional arrays on the dia-
mond membrane, as shown in Fig. 2. In this figure, both the piecewise
space-variant birefringent design and the optical vortex generation are
assessed by optical means in panel (a) and (b), respectively. Note that
these measurements, as well as others, are all made by placing the sus-
pended membrane on a glass coverslip in order to ease the handling of
the sample. The spectral on-axis total transmission losses of the struc-
tures are also evaluated by using on-axis ~ 60 um diameter incident
Gaussian beam and measuring the transmission as a function of g at
Ao = 532 nm [see Fig. 3(a)]. The decrease in the transmission as g
increases finds its origin in the sectors’ selvedge that diffracts light [see
Fig. 3(b)], which in turn reduces the effective cross section of the
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FIG. 1. (a) Scanning electron microscopy (SEM) image of a 100 um diameter diamond metasurface pixel associated with = 1. (b) Enlargement of the panel (a) illustrating

function of wavelength in the visible domain. The solid line refers to the average value (17) over a set of seven pixels associated with ¢ = % 1,%,2, g , 3,% and the gray

the 16-sector space-variant subwavelength grating design. (c) Enlargement of the panel (b) showing the trapezoidal-like profile of the nanogr?lings. (d) Purity 5arameter asa

area refers to values ranging between (1) ==std(17) where “std” refers to standard deviation. Note that data variability at shorter wavelengths'is due to the fact that the used
supercontinuum source barely emits around 400 nm, which leads to substantial signal-to-noise ratio, and we note that the zeroth-order diffraction condition fails below

J¢ =~ 490 nm for the used 200 nm grating period.
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FIG. 2. (a) Natural white light imaging of an array of seven metapixels with increas-
ing values of g placed between crossed linear polarizers. (b) Interferometric charac-
terization of the vortex beam shaping at 633 nm wavelength using o-polarized
incident field and —ao-polarized reference field. The orientation of the forks is flipped
upside down by the operation ¢ — —a. Scale bars: 50 um.

incident beam. This is supported by modeling the latter losses by null
transmission through a set of 16q radial segments with width e, as
illustrated in the inset of Fig. 3(a). Taking e as an adjustable parameter,
we obtain e ~ 590 nm, which fairly agrees with direct SEM observa-
tions shown in Fig. 3(b).

Spectral modulation of the orbital angular momentum is then
implemented according to a dispersion/recollimation experimental
scheme depicted in Figs. 4(a) and 4(b). The idea consists to disperse
an incident polychromatic field made of a supercontinuum laser
source and to recollimate it onto an array of multimode optical fibers
that define the spectral channels as done in Ref. 3. Note that here we
provide undisclosed yet details of the setup allowing to readily repro-
duce the experiment, see the caption of Fig. 4. In addition, the spectral
characterization of the multispectral light at the output of the optical
fiber array is shown in Fig. 4(d). A Gaussian amplitude mask is placed
at ~12 cm from the output of the optical fiber array that is reimaged
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FIG. 3. (a) On-axis total transmission T as a function of the structural order g nor-
malized to the unstructured membrane transmission T, at 532 nm wavelength.
Filled markers: experimental data. Solid line: best fit adjustment of the model (see
the text) and its corresponding guide for the eye. Inset: illustration of the cross sec-
tion reduction of the ~ 60 um-diameter incident Gaussian beam assuming null
transmission through 16 inter-sector radial segments with width e for g=1. (b)
Local SEM image of a metapixel with g = 7/2 providing a detailed view of the sec-
tors’ selvedge that leads to diffraction losses. The value e ~ 590 nm of the width of
the modeled segment-like selvedge that corresponds to the best fit in panel (a) is
depicted on scale by a yellowed segment.
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on the metapixel array using an objective lens that gives a Gaussian
beam diameter of ~ 60 um for each spectral channel, which guaran-
tees that the optical field is processed in its entirety. The dispersed
multispectral field in the plane of the metapixel array is shown in
Fig. 5(b) when observed between crossed linear polarizers. As propa-
gation further takes place, every spectral component is shaped into a
donut intensity profile independently of the incident polarization state
in the limit of n — 1 [see Fig. 5(c) in the case of incident o-polarized
light]. When considering the whole multispectral field, one gets a
radial rainbow associated with wavelength-dependent photon orbital
angular momentum state, as shown in the left panel of Fig. 5(d). As
such, the latter rainbow strongly differs from previously reported ones
made of polychromatic vortex field generated by spin—orbit interaction
wavelength-dependent optical anisotropy, see for instance,'* for which
the orbital state is wavelength-independent. When the incident light
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FIG. 4. (a) Ray-optics sketch illustrating the dispersion/recollimation scheme used
to prepare a discrete set of seven spectral channels out of a supercontinuum laser
using an optical fiber array. Note: here we depict the grating as a transmission grat-
ing, though the used one is a blazed reflection grating (GR13-0605 from Thorlabs).
SCL: supercontinuum laser; BG: blazed grating; L: lens with focal length
fy = 50 mm; L,: achromatic doublet lens with focal length f, = 75 mm; Lg: in prac-
tice, a concave mirror (CM254-025-E02 from Thorlabs) with focal length
f, = 25 mm; OFA;: input of the optical fiber array. (b) Beam-optics counterpart of panel
(a) for a given spectral channel (here the on-axis one). This emphasizes the Gaussian
beam propagation and shows the diameter di; ~ 50 um of every Gaussian spectral
channel injected at normal incidence on an individual optical fiber at the entrance of
OFA;.. (c) Sketch of the input facet of the OFA, that is charecterized by a fiber interdis-
tance D = 250 um and an optical fiber diameter dor = 125 um with a 50 um core
diameter. (d) Typical spectrum measured at ~5cm from the output of the OFA with a
fiber-spectrometer having an input fiber diameter of 200 ym.
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FIG. 5. (a) Sketch of the setup enabling multispectral optical vortex modulation.
OFA,: output of the optical fiber array; PCy: polarization controller; P: linear polar-
izer that is placed or removed depending on the observations; GAM: reflective
Gaussian amplitude mask (NDYR20A from Thorlabs); L: 4x objective lens with
numerical aperture NA = 0.1; g-array: array of metapixels; Ly: 4x objective lens
with NA = 0.1 and effective focal length f, = 45 mm. (b) Image of the metapixel
array observed between crossed linear polarizers, setting 1/d_ +1/dy = 1/f,.
The brightness of the channels 1, 2, 3 and 7 is enhanced to ease the visual inspec-
tion. Scale bar: 50 um. (c) Far field total intensity profiles of the seven individual
spectral channels with wavelength 4,17 for an incident o-polarized light, setting
d_ = d; = f,. Each spectral channel is individually selected by adjusting the trans-
verse position of an iris placed after the lens L, shown in Fig. 4(a). [(d) and (e)] Far
field intensity profiles of the multispectral field with spectrally modulated orbital angu-
lar momentum states. Left panels (scalar case): total field with o-polarized incident
field; Right panels (vectorial case): field observed between crossed linear polarizers.

field is linearly polarized, one obtains a multispectral superposition
of vector beams with wavelength-dependent order. This is illus-
trated in the right panel of Fig. 5(d) where an output linear polar-
izer is placed, which leads to the appearance of a two-dimensional
inhomogeneous multicolor intensity pattern. These far field obser-
vations are qualitatively compared with calculations by assuming
that every metapixel imparts a continuous helical phase to the
incident field. Namely, we calculate the ad hoc intensity profiles
Licatar 0 1107 |FalEs” exp (=% /w? + ing)]>  and  Lectoria
X Yoy Sin’ ()| FulEy” exp (=12 /w? + in@)]|’, where  F,
refers to the spatial Fourier transform for the wavelength 4, and
where the prefactors E(()") are chosen for the sake of a visual com-
parison with experiments. Obviously, the discrepancies between
the experimental observations and the latter qualitative attempt to
describe the observations call for developing a proper theoretical
treatment of spectral optical vortex modulation. Still, the present
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results propose an experimental pathway to explore new horizons
for both scalar and vectorial field polychromatic structuring in the
optical domain, which motivates continued interest as illustrated
by recent theoretical results about 3D topological polarization
structuring of polychromatic waves."”

Summarizing, we have proposed a robust solid-state approach to
the multispectral management of the photon orbital angular momen-
tum by means of metapixel arrays, where every metapixel is a micro-
scopic geometric phase diamond metasurface. By doing so, one can
obtain user-defined polarization-controlled multispectral superposi-
tion of orbital angular momentum states {+¢(/4;)} over a multispec-
tral light field {4;}. Experimental results have been reported in the
visible domain and can be readily extended to the infrared domain, for
which diamond material suits well. The present approach offers an
alternative option to a recent proposal based on geometric phase pixels
made out liquid crystal topological defects’ that could sustain high
photon flux. It, thus, contributes to the emergence of novel experimen-
tal methods to achieve spatiotemporal couplings in extreme optical
regimes while only a few proposals have been made to date, such as
those relying on either linear” or nonlinear optical processes.” Other
kinds of recently unveiled spatiotemporal optical vortices associated
with transverse orbital angular momentum'® might also benefit from
such developments.

Authors thank the financial support of Initiative of Excellence
of the University of Bordeaux (ANR-10-IDEX-03-02) and Conseil
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