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Development and production of new materials and semiconductor devices
require morphological, structural, and chemical characterization at the
nanoscale level to understand their chemico-physical properties and
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additional structural information about the local internal organization of
atoms and molecules at each position of an acquired STEM map.

Watch this session during the WAS Virtual Conference:

Dr. Daniel Nemecek Dr. Tingting Yang

This talk is sponsored by n TESCAN


https://onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3A36a85eaf-e273-43ec-9b5d-010e4b0efe8d&url=https%3A%2F%2Fevents.bizzabo.com%2FWASSpring2023%3Futm_source%3DePDF%26utm_medium%3DePDF&pubDoi=10.1002/adom.202201975&viewOrigin=offlinePdf

RESEARCH ARTICLE

'.) Check for updates

ADVANCED
OPTICAL
MATERIALS

www.advopticalmat.de

Extended Metasurface Spin Functionalities from Rotation

of Elements

Minggui Wei, Yuhong Xu, Guigeng Liu, Tong Wu, Wanyin Liu, Xiaogiang Su, Quan Xu,

Xuegian Zhang, Jiaguang Han,* Jiangiang Gu,* and Baile Zhang*

Metasurfaces are a class of planar optical components that are engineered

to manipulate electromagnetic waves, including their spin states in terms of
circular polarizations. For example, the Pancharatnam—Berry (PB) phase has
been exploited in metasurfaces for various spin functionalities, but these spin
functionalities, exhibit conjugate relations for spin states. Recent advances
combining the PB phase and propagation phase have implemented completely
independent spin functionalities for spin states. However, the spin functionali-
ties are fixed once the metasurfaces are designed. Here, this work proposes
and demonstrates that the spin functionalities designed from the PB phase and
propagation phase can be further extended by simply rotating the elements

two spin states, namely, the left-handed-
ness circular polarization (LCP) and right-
handedness circular polarization (RCP),
can be deflected into different directions
in a PB metasurface, but these deflection
functionalities are unchangeable once the
metasurface design is completed. Some
metasurfaces are able to tune their spin
functionalities, ! as in the previously
demonstrated pumping-induced non-
linear deflection!® and holograms!®! as
well as electrically?*23 or thermally/?42°]
modified functionalities. These extended

in a metasurface. This extension is based on a relationship between phase
profiles of spin states that are acquired before and after the rotation. Proof-of-
concept demonstrations are performed for the extended spin functionalities,
including the conversion from spin angular momentum to orbital angular
momentum, and spin-dependent holograms. This extension may find use in
relevant applications such as polarized display and dual-polarized holography.

1. Introduction

Metasurfaces, which consist of subwavelength photonic ele-
ments patterned on a flat surface, have provided unprecedented
control over electromagnetic waves!'”! For example, the Pan-
charatnam-Berry (PB) metasurfaces are able to impart equal
but opposite phase profiles to the two spin states by encoding a
geometrical PB phase in the orientation angle of the constituent
elements, resulting in conjugate spin functionalities.®B'3 The

spin functionalities are achieved by engi-
neering the phase response of individual
elements in a metasurface. However, such
nonlinear tuning so far has not been able
to realize continuous phase tuning for the
extended spin functionalities.

Rotating elements’ orientations
can impart continuous phase profiles to
spin states, thus being able to extend spin
functionalities with more flexibilities.?®! It should be pointed
out that in PB metasurfaces, the rotation of elements’ orienta-
tions will always lead to conjugate spin functionalities for the
two spin states, while usually only one of them is of interest
in practice. In other words, one of the spin states is sacrificed.
Recent studies have shown that by combining the propaga-
tion phase and PB phase, it is possible to construct completely
independent phase profiles for the two spin states, exhibiting
spin-decoupled functionalities.”’-%l Therefore, it is promising
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Figure 1. Schematic of extended metasurface spin functionalities from rotation of elements. a) Rotation of one element. The element has a length
of a, width of b, height H, and t is the thickness of the substrate. The x and y axes are the global axes. The x, and y, axes correspond to the fast and
slow axes of the element, respectively. The orientation angle is defined as the angle between the y, axis and the y axis. Here, 0 represents the orienta-
tion of the element labeled by a red dotted box in (b) (6= 7/2 in the illustration), while & corresponds to the same element in (c) but with different
orientation. b) Schematic of a metasurface with orientation angle distribution é(x, y). The incident |[LCP) or |RCP) flips the handedness, resulting in
€/SkV|RCP) or e!¥™V|LCP), respectively. c) Schematic of the metasurface after the rotation of elements to exhibit another distribution & (x, y). The incident

[LCP) or [RCP) is mapped to /**V|RCP) or ¢/¢®N|LCP), respectively.

to extend the spin functionalities of a metasurface for the two
spin states separately.

Here, we experimentally demonstrate the separate extension
of spin functionalities for the two spin states by rotating the ele-
ments in a metasurface. The relationship between the phase
profiles of spin states before and after the rotation is revealed.
The conversion from spin angular momentum to different
orbital angular momentum is captured by a terahertz scanning
microscope. Extended spin functionalities in terms of spin-
dependent holograms are also demonstrated to project different
images before and after the rotation. Such extended spin func-
tionalities for different spins may find use in relevant applica-
tions such as dual-polarized optical devices.

2. Results and Discussion

Figure 1 shows the conceptual illustration of rotation-extended
spin functionalities in a metasurface. As shown in Figure 1a,
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a dielectric pillar stands on a substrate, forming a basic ele-
ment in the metasurface. The dielectric pillar has a length a,
a width b and a height H, and ¢ is the thickness of the sub-
strate. The period of elements along the x and y axes are p,
and p,, respectively. Each element possesses a fast axis and a
slow axis, as denoted by x, and y,. The orientation angle 6 is
defined as the angle between the y, axis of the element and the
y axis, as shown in the upper panel of Figure la. After rotating
the elements, the orientation angle changes from 6 to ¢, and
the overall metasurface reconfigures from Figure 1b,c. Given a
fixed incident spin state (either [LCP) or |RCP)), the metasur-
face in Figure 1b will be able to generate an opposite spin state
at the output with an additional phase profile. Here, we denote
the output spin state as €/*Y)|RCP) or ¢/¥*¥|LCP)), where g(x, y)
and y(x, y) are the corresponding phase profiles for different
spins. In contrast, the output spin state from the metasurface in
Figure 1c will have a different phase profile, &(x, y) and {(x, y),
such as the output spin state can be denoted as ¢/**¥|RCP) or
€/““Y|LCP). Since the rotation of the elements can be arbitrary,
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&(x, y) or {[x, y) is generally neither equal to nor conjugate with
S 1) or Y, y).

To find the relationship between the phase profiles of
spin states, we start from the Jones matrix of the dielec-
tric element. A general dielectric element can be described
by A, and A,, which are the transmission compo-
nents along thex,and y, axes, and ¢, (x,y) and ¢, (x,y),
which are the corresponding phase responses. We require
A (5)=A, (%)) and @, (%)), (x)=7, a widely
adopted condition in PB metasurfaces.”’! It can be seen
that  g(x,y)=@. (x,7)+20(x,y),  W(x,y)=9s (¥,y)=20(x,y),
E(%,7)= s, (%,)+20(x,y) and {(x,)) =, (x.y)~26/(x.y) (see
Note S1, Supporting Information). Here, 6(x, y) and '(x, y) are
orientation distributions for different designs. We can obtain
the following equation

S, y)+W(x,y) =& (x,y)+{(x,y) (1)

which shows that the sum of phase profiles for the two spin
states is conserved before and after rotating the orientation of
elements in a metasurface. By taking differential on both sides,
Equation (1) becomes

9 (x,y) , Y(x,y) _95(xy)  9G(x.y) 5
o*F o o o @

P(x,y) 0, (x,y)
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d -
where — represents derivative operator to get the phase gra-

7
dient, such as T=i+i. The phase gradient along an
of dx dy

interface behaves as a momentum that takes effect in the gen-
eralized Snell's law for metasurface designs. It can be found
that newly added momenta are conserved for the LCP and RCP
in the metasurface before and after rotating the orientation of
elements. Equation (2) can provide a guideline of extended spin
functionalities that are directly related to phase gradients, such
as deflection and orbital angular momentum.

In photonic systems, the conversion of spin angular
momentum to orbital angular momentum, refers to the
phenomenon in which spin states, i.e., circularly polarized
light that carries spin angular momentum, convert to states
carrying orbital angular momentum.%32-34 We designed
metasurfaces that can convert spin angular momentum to dif-
ferent orbital angular momentum by elements’ rotation. We
denote integer m and n to represent topological charges of the
orbital angular momentum of transmitted light in LCP and
RCP components, respectively. According to Equation (2), the
sum of m and n should be conserved, regardless of assigned
orientation distributions. We fabricated the samples by con-
ventional photolithography combined with deep reactive ion
etching (see Experimental Section for details). Figure 2 shows
the schematic for constructing versatile phase profiles of spin
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Figure 2. Metasurface designs of versatile orbital angular momentum by rotation of elements. a—c) Schematic of combining a fixed propagation
phase with a Pancharatnam—Berry (PB) phase introduced by different orientations of elements. Here, ¢(x, y) represents the propagation phase of
the elements. Combining ¢(x, y) with 6,(x,y) results in m = —2 and n = 4 for orbital angular momentums of the spin states, respectively. Rearranging
orientations to 6,(x,y) results in m =—1and n =3, and to 6(x,y) produces m =1 and n = 1. d—f) Corresponding optical images of samples. The white
dots labeled as “O” in the center show the center of the samples. The scale bar in (d—f) is 400 um.
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Figure 3. Demonstration of versatile orbital angular momenta by rotation of elements. a,b) The measured and simulated intensity distributions of the
LCP-RCP and RCP-LCP components for the metasurfaces with & (x,y) (columns i and iv), 6,(x,y) (columns ii and v), and 65(x,y) (columns iii and vi),

respectively. ¢,d) The corresponding electric field distributions, respectively.

states by combining a fixed propagation phase with PB phases
introduced from different elements’ orientations 6;(x,y) (i = 1,
2, 3). In this design, m is designed to vary from -2, -1 to 1 by
using elements’ rotation in metasurfaces, while n varies corre-
spondingly from 4, 3 to 1, as shown in Figure 2a—c, respectively.
Figure 2d—f shows the partial optical images of corresponding
samples, respectively. It can be seen that elements in different
samples are identical but differ only in orientation.

The samples were measured by a terahertz field scanning
microscope (see Note S2, Supporting Information). Figure 3
shows the simulated and measured results of the LCP-RCP
(LCP component of transmitted light under RCP incidence)
and RCP-LCP (RCP component of transmitted light under LCP
incidence) components for the metasurfaces with different ori-
entations. Figure 3a,c illustrates the measured intensity and
electric field distributions, respectively. The intensity distribu-
tions are donut-like patterns that are typical intensity distribu-
tions of light carrying orbital angular momentums. The radius
of the central donut-like pattern increases as the topological
charge of orbital angular momentum increases. These meas-
ured results are consistent with the simulations in Figure 3b,d.
Different numbers of negative or positive arms, which indi-
cate topological charges of orbital angular momentums, can
be distinguished in Figure 3c,d. For example, in Figure 3c,
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image i illustrates two positive arms encircling clockwise in the
LCP-RCP component, while image iv shows four positive arms
encircling counterclockwise, agreeing with the corresponding
numerical results in Figure 3d. Consequently, the topological
charges are m = -2 and n = 4 for the metasurface with 6(x,y),
as expected. Similarly, the topological charges are m = -1 and
n = 3 for the metasurface with 6,(x,y), as shown in images ii
and v, and m =1and n =1 for the metasurface with 6;(x,y), indi-
cated by images iii and vi, respectively. It can be seen that the
sum of topological charges is conserved.

Now we proceed to demonstrate another class of function-
alities, the spin-dependent holograms, which take effect by
exhibiting certain distributions of intensity rather than phase.
A given hologram or intensity distribution can be reconstructed
by different phase profiles. This provides the possibility of
switching spin-dependent holograms by the proposed method.
Here, we adopted an optimization algorithm that applied the
Rayleigh—-Sommerfeld diffraction formula as kernel diffrac-
tion function and took the phase profile error into the iterative
phase update function (see Note S3, Supporting Information).
The finite phase profile error violated Equation (1), but it could
be optimized to the minimum. As a result, spin-dependent hol-
ograms could be switched by rotating elements’ orientation in
the metasurface.

© 2022 Wiley-VCH GmbH
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Figure 4. Extended spin-dependent holograms by rotation of elements. a) The schematic of encoding letters “A” and “B” to the right-handedness
circular polarization (RCP) and left-handedness circular polarization (LCP) components, respectively. ¢(x, y) and 6,(x,y) represent the propagation
phase and orientation distribution of the elements, respectively. b) The schematic of encoding letters “C” and “D” to the RCP and LCP component,
respectively. 6s(x,y) represents the new orientation distribution. c) The optical image of the sample of the metasurface with 6,(x,y). d,e) The simulated
and measured results for the metasurface with 6,(x,y) as in panel a). f) The optical image of the sample of metasurface with 6s(x,y). g,h) The simulated
and measured results for the metasurface with 65(x,y) as in panel (b). The white dot (c) and (f) represent the reference point. The scale bar in (c) and

(f) is 400 um.

As depicted in Figure 4a,b, metasurfaces for spin-dependent
holograms are built by the same strategy in Figure 2a—c. The
propagation phase ¢(x, y) and orientation distributions 6.(x,y)
(i = 4, 5) are calculated from the optimized phase distribu-
tions for spin-dependent holograms. The letters “A” and “B”
are encoded to the LCP and RCP components by combining
@(x, y) and 6,(x,y), shown in Figure 4a. By rearranging the ele-
ments’ orientation in the metasurface with 65(x,y), the letters
“A’ and “B” are switched to letters C” and “D,” as illustrated
in Figure 4b. Figure 4c,f shows the optical images of samples,
which differ only in orientation of elements. The letters “A”
and “B” can be distinguished in the measured LCP-RCP and
RCP-LCP components in Figure 4e, agreeing well with simu-
lations in Figure 4d. Instead, when the incident spin states
interact with the metasurface with 6s(x,y), the letters “C” and
“D” emerge in both simulations and measurement, as shown
in Figure 4gh. The cross-talk between the LCP-RCP and
RCP-LCP components in Figure 4eh is minimal. Therefore,
spin-dependent holograms can be switched by using elements’

Adv. Optical Mater. 2022, 10, 2201975
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rotation in the metasurface. More designs of spin-dependent
holograms can be found in Supporting Information.

3. Conclusion

In summary, we have experimentally demonstrated the
extended spin functionalities for different spin states in a meta-
surface by rearranging orientation of elements. The relationship
between the phase profiles of spin states before and after the
rotation is provided as a guideline for spin functionality design.
Terahertz imaging experiment is conducted to observe the
conversion from spin angular momentum to different orbital
angular momenta. Spin-dependent holograms are designed
and characterized to demonstrate the extended spin functionali-
ties before and after the rotation of elements in a metasurface.
Although the experiment is performed in the terahertz regime,
the design principle is general and can be applied to infrared
and visible regimes. We envision that this development can be

© 2022 Wiley-VCH GmbH
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useful in applications such as polarization-selective holography
and multiplexed spin components in communication.

4. Experimental Section

Material and Fabrication: The silicon is selected due to its low
absorption in the terahertz regime, whose refractive index is 3.4. The
metasurfaces are fabricated on the 1.5-mm-thick silicon substrate.
Fabrication of the metasurface can be classified into three steps: first,
the micro-column patterns are defined by E-beam lithography after the
silicon wafer is spin-coated with a 10-um-thick photoresist. Next, deep
reactive ion etching is applied to make the silicon pillars with a height
of 200 um. Finally, the silicon wafer is cleaned with acetone solution and
DI water.

Characterization and Measurement: The 1550 nm fiber laser
with a pulse width of =50 fs is split into two beams that are used to
generate the terahertz radiation and to detect the transmitted terahertz
waves, respectively. The terahertz wave is emitted by a commercial
photoconductive antenna and then collimated by a TPX terahertz lens.
Two metallic grid polarizers are applied to generate and detect different
polarization states. The sample is placed between the two metallic
grid polarizers. The first polarizer is placed with an orientation of 45°
or 135° with respect to the x-axis, and the second is placed orthogonal
or parallel with the first one. The transmitted light is measured by the
commercial terahertz probe. The photoconductive antenna gap of the
probe is set along the x-axis to detect only the x polarized component
of the transmitted electric field, which is fixed to detect x polarization
during the whole experiment (see Note S2, Supporting Information). For
example, the linear matrix component t,, is measured by placing the first
polarizer with an orientation of 45°, while the second polarized with an
orientation of 45°. Then, the linear matrix component ty is measured
by rotating the second polarizer to 135°. The components t,, and ¢, are
measured similarly. After measuring the linear polarized transmission
matrix, it can be transformed to the circularly polarized basisP"

" ()

by —tpy Hitey ity B iy —ity ity

1 b by ity — ity Ly — by — ity —i
cp:E

In the measurement, the electric field was scanned with a 0.2 mm step
from —5 to 5 mm in both x- and y- directions. The probe was placed
approximately 10 mm above the surface of the sample. The working
frequency was shifted to 1.15 THz, which might be due to the shorter
etching time that made the height of the pillar being smaller than
designed. The measured intensity distributions of the holograms
were not as uniform as those of the calculated results, which may be
attributed to various imperfections in fabrication and measurement.

Numerical Simulation: The response of the dielectric pillar is simulated
in the CST Microwave Studio (Computer Simulation Technology GmbH,
Darmstadt, Germany). In the simulation, the periodic boundary
condition is applied in both the x- and y- directions. The open boundary
condition is applied in the z-direction. The period of the element
along the x- and y- direction is 140 um. The height of the element is
200 um. The amplitude and phase responses are acquired by sweeping
length a and width b of the element at 1 THz under x- and y- polarized
incidence, respectively (see Figure S1, Supporting Information). To meet
the simplification condition, the elements are selected by the criterion
AA<0.05A, >0.7 and | @, (x,y)= @, (x,y)[€7T+ 7 [36 (see Table SI,
Supporting Information). The metasurfaces are composed of 80 x 80
elements. The electric field distributions are calculated with the home-
built Matlab codes. The Rayleigh—-Sommerfeld diffraction formula in the
main text is as follows:

U(xo,yo):%J.J‘U(X,y)cosm,r)wdxdy (4)
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where U(xo,yo) and U(x, y) are the electric fields on the image
plane and the object plane, respectively. A and k are the working
wavelength and wave number in vacuum, respectively. r is the distance
between the pixel in the image plane and that in the object plane:

r= \/(xo —x)2+(yo —y)* +2%; cos{n,r} =% is the inclination factor.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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