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Spin-controlled generation of a complete
polarization set with randomly-interleaved
plasmonic metasurfaces

Soren im Sande®, Yadong Deng, Sergey 1. Bozhevolnyi and Fei Dingo*

Optical metasurfaces, comprising subwavelength quasi-planar nanostructures, constitute a universal platform for manipu-
lating the amplitude, phase, and polarization of light, thus paving a way for the next generation of highly integrated multi-
functional optical devices. In this work, we introduce a reflective metasurface for the generation of a complete (angularly
resolved) polarization set by randomly interleaving anisotropic plasmonic meta-atoms acting as nanoscale wave plates.
In the proof-of-concept demonstration, we achieve multidirectional beam-steering into different polarization channels
forming a complete set of polarization states, which can also be dynamically altered by switching the spin of incident
light. The developed design concept represents a significant advancement in achieving flat polarization optics with ad-
vanced functionalities.

Keywords: plasmonic metasurface; randomly interleaved; multidirectional beam-steering; spin-controlled; all-polarization
generation
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Introduction waves, which is uncorrelated with the amplitude and

Manipulation of light, comprising its amplitude, phase,
and polarization, is crucial for advancements across a
broad spectrum of technologies, ranging from optical
communication, display technologies, to optical comput-
ing. Optical metasurfaces, acclaimed for their unique role
in the miniaturization and multifunction trends, stand at
the forefront of these innovations, offering compact de-
vice footprints at the micrometer scale while enabling
subwavelength-level control over all degrees of freedom
of light'~'2. Among all applications, metasurface-empow-
ered polarization optics'® has been extensively investigat-
ed, allowing for the generation!*?* and manipulation®>

of polarization, one intrinsic characteristic of optical

phase. Specifically, the capacity to independently control
the phase of two orthogonal polarizations facilitates the
integration of waveplate functionalities into anisotropic
metasurfaces, thereby enabling polarization-specific op-
erations!-2034-3¢. This advancement underscores the
metasurface's potential to realize complex optical func-
tionalities and implement them in compact, efficient de-
signs. The development of polarization-coded multifunc-
tional metasurfaces represents a leap in optical technolo-
gies allowing one to combine a broader spectrum of
functionalities into a single metasurface!*>>-3037-40, The
polarization-coded integration is achieved through inno-

vative meta-atom designs and/or by clever interweaving
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of distinct metasurfaces, each tailored for specific func-
tions. These advancements herald a new era in photon-
ics, where metasurfaces serve as versatile platforms for a
multitude of optical applications, exemplifying the ongo-
ing progress towards more integrated and dynamically
controllable optical elements.

Despite noteworthy achievements, most metasurfaces
demonstrated to date have been constrained to generat-
ing a limited set of polarization states distributed across a
few channels. Approaches to generate a (close to) com-
plete set of polarization channels in a controlled manner
have rarely been reported, not to mention approaches
enabling switchable polarization states in the different
channels. Here, we introduce a reflective metasurface for
the generation of a complete (angularly resolved) polar-
ization set by randomly interleaving anisotropic plas-
monic meta-atoms, acting as nanoscale wave plates with
properly designed phase retardations. Our approach en-
ables multidirectional beam-steering across all polariza-
tion channels with judiciously designed polarization
states that can also be altered by switching the spin of in-
cident light.

Results and discussion

Schematic of a proposed gold-silica-gold (Au-SiO;-Au)
plasmonic metasurface*!, which executes multidirection-
al beam-steering into a complete set of angularly-re-
solved polarization channels by randomly interleaving
six distinct metasurface pixels (meta-pixels), is shown in
Fig. 1(a). Notably, each meta-pixel is meticulously engi-
neered to uniquely alter the polarization state of inci-
dent left- or right-handed circularly polarized (LCP or
RCP) light, reflecting the polarization-altered light into
the corresponding unique direction in the far-field. Once
the spin of the incident CP light is reversed, the states of
polarization change to their orthogonal counterparts.
These meta-pixels are structured into square 8x8 arrays
of meta-atoms acting as nanoscale wave plates, except for
one that remains unstructured to serve as a mirror meta-
pixel, reflecting co-polarized circular CP light (reduced
4x4 arrays are shown in Fig. 1(b)). Furthermore, the
meta-atoms embody different designs depending on the
emulated wave-plate functionality. The meta-pixel re-
sponsible for the transformation between LCP and RCP

states incorporate brick-shaped meta-atoms, which act as

Fig. 1 | Conceptualization of the plasmonic metasurface for generating a complete polarization set. (a) lllustration of the Au-SiO2-Au meta-

surface that reflects and additionally splits a CP incident beam into six spatially separated channels, each featuring a specific polarization state.

The polarization states change to their orthogonal counterparts when the spin of the incident light is reversed. The RCP incidence generates

spots Spz, Sps, Sp4, Sps, Sps, and Spg, respectively, whereas LCP incidence produces spots Sp2, Sps, Sps, Sps, Sp7, and Spg, respectively. The

absolute values of polar angles for deflected LP and CP spots are around 15.4° and 22.1°, respectively, at the design wavelength of 850 nm. (b)

Top view of a metasurface segment that consists of six different kinds of interleaved meta-pixels with the mirror (empty spaces), HWP (bricks,

marked in red), and QWP (crosses, marked in blue color) functionalities. The mirror and HWP meta-pixels produce co-polarized and cross-polar-

ized circular polarization states, respectively, while the QWP meta-pixels, differentiated by four distinct orientations, generate four unique linear

polarization states. |x>, |y>, |a>, and |b> represent horizontal, vertical, 45°, and -45° linear polarizations, respectively. For illustrative purposes,

each meta-pixel is reduced to 4 x 4 meta-atoms. The change of spin due to reflection is not considered here.
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half-wave plates (HWPs) to transform the incident CP
light into the cross-polarized light*'~**. Within a specific
meta-pixel, the HWP meta-atoms are methodically rotat-
ed in increments of 45°, with each row being offset by
one element (Fig. 1(b)), a design that generates a geomet-
ric phase gradient in both x- and y-directions for the re-
flected light, facilitating thereby the angular separation
from the co-polarized reflection by the mirror meta-pix-
els. In contrast, the meta-pixels responsible for CP reflec-
tion into linearly polarized (LP) light comprise cross-
shaped meta-atoms with different orientations, which
serve as quarter-wave plates (QWPs) enabling the gener-
ation and routing of different LP beams?'. In this case,
linear phase gradients in either x- or y-direction are in-
troduced for QWP meta-pixels by varying dimensions of
meta-atoms in the vicinity of the gap surface plasmon
(GSP) resonance, unlike geometric phase gradients by
meta-atom rotations employed in HWP meta-pixels’.
This difference in implementing the phase gradients is
intimately related to differences in the underlying
physics of HWP and QWP operations for CP light inci-
dence: while the meta-atom rotation in the former influ-
ences only the phase of reflected cross-CP light, the
meta-atom rotation in the latter would result in the po-
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The dimensions of HWP and QWP meta-atoms were
optimized through full-wave simulations with COMSOL
Multiphysics (version 5.6), employing a parameter sweep
across lateral dimensions within a unit cell defined by
periodic boundary conditions in the x- and y-directions.
Perfectly matched layers capped the simulation domain
to minimize external interference. The thickness of the
Au meta-atoms, the foundational Au mirror, and the
SiO, spacer were predetermined based on the QWP
meta-atoms design criteria, requiring the occurrence of
the GSP resonance in the design parameter space that is
instrumental in realizing the resonant phase gradient by
varying meta-atom dimensions®'. For the rotated HWP
meta-atom (Fig. 2(a)), a geometric phase equivalent to
twice the angle of rotation is introduced, while the reflec-
tion amplitude maintains a high level above 0.92 at the
design wavelength of 850 nm, indicating negligible near-
field coupling between adjacent elements. Remarkably,
the HWP meta-atoms are predicted to demonstrate sig-
nificant broadband reflectivity into +1 diffraction order
when arranged into a supercell composed of 1 x 8 meta-
atoms for creating a linear phase gradient along the x-di-

rection (Fig. 2(b)). Moreover, the phase gradient
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Fig. 2 | Performance of the meta-atoms under RCP incidence. (a) Simulated reflection amplitude and phase of the four HWP meta-atoms with

different orientations at the design wavelength of 850 nm. (b) Simulated diffraction efficiencies of the HWP supercell, shown in the inset, as a

function of wavelength. (¢) Simulated reflection amplitude and phase of the four QWP meta-atoms at the design wavelength of 850 nm. (d) Simu-

lated diffraction efficiencies of the QWP supercell, shown in the inset as a function of wavelength. The dimensions of all selected meta-atoms are

shown in Table S1.
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depends on the spin of the incident light, where switch-
ing between RCP and LCP excitation inversely alters the
diffraction order (Supplementary information, Fig. SI).
To establish the linear phase gradient necessary for spa-
tially separating the generated LP beams, four distinct
QWP meta-atoms are designed, each introducing a 90°
resonance phase step relative to adjacent meta-atoms
(Fig. 2(c)). Each element is then duplicated in the super-
cell to decrease the diffraction angle, slightly reducing
the efficiency compared to a four-element supercell (Fig.
S2). Although the QWP supercell exhibits lower reflec-
tivity into +1 diffraction order compared to the HWP
counterpart, the beam-steering performance at the de-
sign wavelength of 850 nm is expected to be rather good
(Fig. 2(d)) given the necessity of having near-resonant
meta-atoms to comply with the design criteria®*.. Unlike
the HWP configuration, altering the incident spin does
not impact the diffracted spatial direction (Fig. S1) due
to the spin-insensitive nature of the resonant phase’. In-
stead, two orthogonal CP beams yield two distinct, yet
orthogonal, linear polarizations. Specifically, LP beams

with angles of linear polarization (AoLPs) equal to 0 +
45° are accordingly created for RCP and LCP incident
beams with near unity degrees of linear polarization
(DoLPs) (Fig. S3). For instance, QWP meta-pixels com-
prising meta-atoms rotated at —45°, 0°, 45°, and 90° gen-
erate four distinct linear polarizations |x>, |a>, |y>, and
|b> (|ly>, |b>, |x>, and |a>), respectively, under the RCP
(LCP) excitation. To validate the polarization set genera-
tion, we used standard thin-film deposition, electron
beam lithography (EBL), and lift-off processes to fabri-
cate the sample with an area of 80 pm x 80 pum (see Ex-
perimental Section for details). As depicted in Fig. 3, the
fabricated metasurface exhibits a commendable align-
ment with our theoretical design, where randomly inter-
leaved meta-pixels are clearly seen under both the opti-
cal microscope and scanning electron microscope
(SEM), albeit accompanied by certain limitations. For
example, the diminutive crosses constituting the QWP
meta-atoms display less distinct cross-shaped geome-
tries (Fig. 3(d) to 3(g)), a deviation primarily attributed
to the inherent constraints of our fabrication equipment.
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Fig. 3 | Optical microscope (a) and SEM (b—g) images of the fabricated metasurface. The scale bars in (c—g) are 1 um. The meta-pixels shown in
(c—g) generate respectively the reflection of LCP (RCP) at 45° (135°), |a> (|b>) at 180°, |b> (|a>) at 0°, |x> (|y>) at 90° and |y> (|x>) at 270° under

the RCP (LCP) incidence.
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Specifically, during electron beam lithography (EBL),
cross-shaped meta-atoms are decomposed into smaller
polygons for exposure. These polygons vary in shape for
each orientation, potentially leading to less defined cor-
ners at the cross's center and, consequently, exposure
discrepancies.

After fabrication, we characterized the sample using a
homemade optical setup (Fig. S4), where the polariza-

tion generation was validated not only at the target wave-
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45°-Analyzer

length of 850 nm (Fig. 4) but also at additional wave-
lengths of 750 nm (Fig. S5) and 900 nm (Fig. S6). While
some degree of noise is observable —likely a conse-
quence of the complex interplay between multiple meta-
pixels—the six distinct polarization channels remain dis-
cernibly isolated within the Fourier plane, superior to the
simulated results with a reduced metasurface area (Fig.
S7). For both RCP and LCP incidence, four diffracted
beams (Sp2, Sps, Sps, and Spg) with feature linear

90°-Analyzer n

135°-Analyzer

Py
(@]
v
£ . .
c
o
el
o
11
I
y —
A . .%
» x
90° 90° 90° 90°
H 120022100 60° 120° . 0.06 60° ﬂ 1200 " 60 1200, 60°
1500 06 .30 q50e o 004 30° 1500 . 0.02 . 30° 100 <70, Q03 " 3ge
o 0.4 " W X S 0.02 .
3 02 S DAL, FH AT A Y 0: -
180°2 0 ¥ 0o 180° 1 P g 0° 180°: sp, O D00 1800 el 00
210%."., 73300 2100 , 330°  p10°-, 330°  210°%, " 330°
."..'.'Nu‘,',.:,.:". L tessasenest Ll
240°  t*t300° 240° . 300° 240° . 300° 240° . 300°
270 270 270 2700 g Lcp
. . . . @RCP
90 90 90 90
n 1200 " 60 n 120°  0.03 60° 120,00 60° n 120° ..0,04 60°
ezt &, ~ 008,
150° " 04 300 qs0r & 027 300 50 s 002 ™ 30° 150° i Q02- 30°
: 02 % .01 : 001 - g e
180° § 0° 180° Sp, e 180° &SP Pooco1s00 i et oo
isp, O Po I, APT SR LSRG
R > 330° 9100 n. . & 330° 2100 - S330° 100 - P 3300
o 300° ° 300° AU T 300° o 3000
2400 2400 2400 2400 0

Fig. 4 | Experimental demonstration of spin-controlled polarization set generation at the design wavelength of 850 nm. (a—d) Polariza-
tion-resolved intensity profiles. The feature spots are marked as Sp2-Spg for future analysis. (e) Polar plots of the RCP (blue) and LCP (red) inci-
dent beams. (f, h, j, and I) Polar plots of the diffracted LP beams (Spz, Sps, Sps, and Spg) from the QWP meta-pixels with cross arms oriented at
-45° (f), 0° (h), 90° (j), and 45° (1), respectively. The AoLPs are rotated by 90° once the incident light is switched from RCP to LCP. (g, k) Polar
plots of the diffracted CP beams (Sp3 and Spz) from the HWP meta-pixels. Only the cross-polarized CP beam is visible, with its handedness al-
tered by the spin of incident light. (i) Polar plot of reflected CP beams (Sps) with co-polarization states from the mirror meta-pixels.
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polarization states are produced by four corresponding
QWP meta-pixels with x- or y-oriented linear phase gra-
dients (Fig. 4(a) to 4(d)), whose intensities are distinctly
altered by changing the transmission axis of the analyzer
(Fig. 4(f), 4(h), 4(j), and 4(1)). Once the spin is varied, the
generated linear polarization state switches to its orthog-
onal counterpart with high extinction ratios. The mea-
sured DoLPs surpass 85%, with the peak value reaching
98.8%. Correspondingly, the retrieved Stokes parameter
S1 or S, is larger (smaller) than 0.85 (-0.85) and the max-
imum (minimum) value approaches 0.97 (—0.97). The
measured efficiencies (intensity ratio between the de-
flected light and the total reflected light) of the generat-
ed LP beams fall within the range of 2.5% to 5%, which
are considerably low due to the substantial background
noise (~ 28%) from the randomly interleaved configura-
tion’!. The observed variability in DoLPs and efficiencies
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can be traced back to nuances in the fabrication process.
Apart from the linear polarization generation, the co-
and cross-polarized CP beams are reflected by the mir-
ror and HWP meta-pixels, respectively. For the RCP in-
cident light, only spot Sp; with the cross-polarization
state is visible since the spin-dependent phase gradient is
along the positive diagonal direction. When the incident
light switches to LCP, spot Sp; becomes pronounced
while spot Sp; disappears, with efficiency exceeding ~3%.
The measured degrees of circular polarization (DoCPs,
corresponding to Stokes parameter S3) or ellipticities of
the CP beams reflected from the HWP meta-pixels ex-
hibit a range between 0.79 and 0.82 for incidence at the
wavelength of 850 nm, and between 0.67 and 0.93 for in-
cidence at the wavelengths of 750 nm, 850 nm, and 900
nm. This variation is largely explicable by the initial im-
perfections in CP light incidence (Fig. 4(e)), indicated by
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Fig. 5 | Operation performance of the metasurface for y-polarized incident light at the design wavelength of 850 nm. (a—d) Polarization-
resolved intensity profiles. The feature spots are marked as Sp-Spg for future analysis. (e) Polar plot of the y-polarized incident beam. (f, I) Polar
plots of the diffracted elliptically polarized beams (Sp2 and Spg) from the QWP meta-pixels with cross arms oriented at -45° (f) and 45° (l), re-
spectively. (g, k) Polar plots of the diffracted CP beams (Spz and Sp7) from the HWP meta-pixels. Both LCP and RCP beams are visible, each re-
ceiving half of the power as the incoming light splits. (h, j) Polar plots of the diffracted y-polarized beams (Sp4 and Spg) from the QWP meta-pix-
els with cross arms oriented at 0° (h) and 90° (j), respectively. (i) Polar plot of the reflected y-polarized beam (Sps) from the mirror meta-pixels.
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the polar plot of the specular reflections from the mirror
meta-pixels (Fig. 4(i)).

Finally, we investigate the working performance of our
metasurface under the excitation of |y> state at the target
wavelength of 850 nm (Fig. 5), as well as at 750 nm (Fig.
S8) and 900 nm (Fig. S9). Different from the CP inci-
dence, the |y> excitation can only generate limited polar-
ization states, although seven diffraction spots are
formed. The QWP meta-pixels, wherein one of the cross
arms is aligned with the incident polarization, enable y-
polarized beam generation with high DoLPs of approxi-
mately 98% and the Stokes parameter S; of around —0.92
(Fig. 5(h) and 5(j)). Conversely, QWP meta-pixels ori-
ented at +45° relative to the incident polarization failed
to generate the intended CP light (Stokes parameter S3 of
only +0.6), a phenomenon attributable to fabrication dis-
crepancies. Moreover, the HWP meta-pixels effectively
function as beam splitters to generate two orthogonal CP
light components (Fig. 5(g) and 5(k)). However, this
configuration results in diminished DoCPs of the reflect-
ed polarizations, registering between 0.70 and 0.78 at a

wavelength of 850 nm.

Conclusion

In conclusion, our study introduces a general plasmonic
metasurface capable of generating a complete and angu-
larly resolved polarization set through the randomly in-
terleaved arrangement of anisotropic plasmonic meta-
atoms that allow simultaneous and independent control
over the polarization and phase. This intricate design al-
lows for the dynamic manipulation of polarization states
by merely altering the spin of the incident light, showcas-
ing a remarkable ability for multidirectional beam-steer-
ing into six typical polarization channels. The successful
demonstration of this concept not only marks a signifi-
cant leap forward in the field of polarization optics but
also paves the way for developing compact, efficient, and
highly functional optical devices. By leveraging the
unique properties of these nanoscale wave plates, our
work opens new avenues for exploring advanced optical
applications, from imaging and sensing to communica-
tions and beyond. The potential implications of this
technology are vast, offering a promising future for the
realization of sophisticated optical systems that can be
dynamically controlled, thereby enhancing the versatili-
ty and performance of optical components across a myri-

ad of disciplines.

Experimental section

Fabrication

The fabrication includes thin-film deposition, EBL, and
lift-oft processes. The consecutive deposition of a 3 nm
titanium (Ti) layer, a 100 nm Au layer, and a 2 nm Ti
layer on a silicon substrate was done using thermal va-
por deposition. Afterward, RF sputtering was utilized to
deposit a SiO; spacer layer with a thickness of 100 nm.
Then, an approximately 100 nm thick PMMA (2% in
anisole, Micro Chem) layer was spin-coated as an elec-
tron beam resist, which was then baked at 180 °C for 2
min. This resist was exposed to define the meta-atoms at
an acceleration voltage of 30 kV. A solution of methyl
isobutyl ketone (MIBK) and isopropyl alcohol (IPA) of
MIBK: IPA =1 : 3 was used as a developer for 35 s and
pure IPA as a stopper. After that, a 2 nm Ti layer and a
40 nm gold layer were deposited through thermal vapor
deposition. The unexposed PMMA was finally lifted off
in acetone and the fabrication result was evaluated
through SEM.

Measurements

The measurements were conducted with a homebuilt op-
tical setup (Fig. S4). The light from SuperK Extreme laser
(NKT Photonics) passes through first an attenuator and
then a combination of a linear polarizer and a quarter
wave plate to create the CP light with controlled intensi-
ty. The CP light passes through two identical beam split-
ters before reaching the sample through an objective
(Nikon E Plan 100x / 0.90 EPI). The two beam splitters
are used to compensate for the actual phase retardance
caused by one single beam splitter. Furthermore, a lens
(Lens 1, Thorlabs LA1608-B-ML) in between the beam
splitters, in combination with the objective, produces a
plane wave incident on the sample. The reflected signal is
collected by the same objective and then passes through a
tube lens (Lens2, Thorlabs TTL200-S8) and an iris to se-
lect the region of interest in the fabricated sample. To filter
out the different CP components, a linear polarizer and a
quarter-wave plate have been added. Two more lenses
(Lens3, Thorlabs AC254-125-B-ML and Fliplens4, Thor-
labs LBF254-100-B) are used to switch between the direct
and Fourier images captured by a CMOS camera (Thor-
labs DCC1545M-GL). The direct image combined with a
white light source is used to image the samples and posi-
tion the laser spot, whereas Fourier images serve as the
reconstructed Fourier images and image the holograms.
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