LETTER ARTICLE

www.lpr-journal.org

A Multi-Foci Metalens with Polarization-Rotated Focal Points

Xiaofei Zang, Hongzhen Ding, Yuttana Intaravanne, Lin Chen, Yan Peng, Jingya Xie,
Qinghong Ke, Alexey V. Balakin, Alexander P. Shkurinov, Xianzhong Chen,* Yiming Zhu,*

and Songlin Zhuang

Benefiting from the unprecedented capability of metasurfaces in the
manipulation of light propagation, metalenses can provide novel functions
that are very challenging or impossible to achieve with conventional lenses.
Here, an approach to realizing multi-foci metalenses is proposed and
experimentally demonstrated with polarization-rotated focal points based on
geometric metasurfaces. Multi-foci metalenses with various polarization
rotation directions are developed using silicon pillars with spatially variant
orientations. The focusing characteristic and longitudinal
polarization-dependent imaging capability are demonstrated upon the

change accomplished by controlling sur-
face profile of the optical material, met-
alenses are ultrathin and ultraflat, which
is desirable for device miniaturization
and system integration. As fundamental
optical elements, metalensesi?®3 have
shown promising applications in imag-
ing, lithography, spectroscopy, and laser
fabrication due to the ultrathin configura-
tion and ease of fabrication. In addition,
metalenses can provide novel functions

illumination of a linearly polarized light beam. The uniqueness of this
multi-foci metalens with polarization-rotated focal points may open a new

avenue for imaging, sensing, and information processing.

1. Introduction

Optical metasurfaces, 2D counterparts of metamaterials, have
provided unprecedented capabilities in the modification of light
wavefront, enabling a plethora of novel applications such as
generalized Snell’s law of refraction,!¥ light beam shaping,#!
Spin-Hall effects,'?l holograms,[3-%l polarization control and
analysis, 223 and nonlinear dynamics.?*%! In comparison with
traditional bulk lenses that rely on the required gradual phase
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that are very challenging or impossible to
achieve with conventional lenses, which
can extend the imaging capability of the
current optical systems. Benefiting from
the exotic properties of metasurfaces, var-
ious types of metalenses with unusual
functionalities have been developed. Examples include dual-
polarity plasmonic metalens,?¥ broadband/multispectral achro-
matic metalens,?>38 metalens array,*? light-sword lens,!*0
multi-foci lens, " multifunctional metalens,*? and polarization-
dependent metalens.*] An optical element with polarization
manipulation functionality, that is, polarization rotator, has been
used in many research areas ranging from optical isolators*
to sophisticated organic structure analysis.*’) Thus far, the
multi-foci metalens with polarization-controllable functionality
has not been demonstrated yet. Unlike previously demonstrated
multi-foci lenses,*!! we propose and demonstrate a multi-foci
metalens with polarization-rotated functionality. Furthermore,
although our novel metalens is realized based on the geometric
metasurfaces, which are typically spin-dependent (only works
for circularly polarized light beams), it can work for linearly po-
larized light. The approach is utilized to design terahertz (THz)
multi-foci lenses with multiple polarization-rotated focal points.
As a novel terahertz lens with unusual functionality, the longitu-
dinal polarization-dependent imaging is experimentally demon-
strated. The flexible and robust generation of the polarization-
rotated multiple focal spots may find new applications such
as polarization-dependent imaging, information detection, and
displaying.

2. Operating Principle

Figure 1 shows the schematic of a multi-foci metalens with
polarization-rotated focal points. Upon the illumination of a lin-
early polarized THz beam, the metalens have two focal points,
whose polarization directions are rotated in comparison with that
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Figure 1. Schematic of the multi-foci metalens with polarization-rotated focal points. Under the illumination of linearly polarized THz waves, two longitu-
dinally distributed focal spots. The polarization axis of the incident linearly polarized light beam is rotated at each focal point. The two polarization-rotated

angles are 6, and 0,, respectively.

of the incident light. Each focal spot with linear polarization can
be considered as the superposition of both LCP and RCP com-
ponents. Therefore, the key to realizing such multi-foci metalens
mainly lies in the capability of a single metasuface to simultane-
ously focus linearly polarized incident beam and rotate the polar-
ization direction of each focal spot. For simplicity, let us start with
a metalens with a single polarization-rotated focal point, which
will be extended multiple focal points later. To rotate polarization
direction with an angle ¢, the required transmitted THz fields
can be written as

ﬁ{ﬁmaPW+—[Fww} o)

2 2

where the incident x-polarized THz beam can be considered
as [}] = \/TE{\/TEE] + ‘/TE[_ll]} To design a metalens without

polarization-rotated functionality, the desired phase profile is
governed by

ooy = 2 (Ve + 7 - If]) @)

in which 2 is the working wavelength and fis the focal length.
To combine the polarization rotation and focusing on the metal-
ens, the corresponding Jones vector of transmitted beam can be
expressed as follows.

\/Li {\/Li H exp (—ig) exp (ip(x,y))

+ ! ] exp (i¢) exp (~io(x, ) }
1 (3)
v {o H exp (~ig) exp (~igp(x. 1))
+ _11} exp (i) exp (ip(x, ) }
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Since a linearly polarized light beam can be decomposed into
LCP light beam and RCP light beam with same components, a
metalens with polarization-rotated functionality can be achieved
under the illumination of a linearly polarized THz beam.

The required phase distribution for metalens is governed by

O(x,y) =arg {exp [i (¢ + @(x.y))| +exp [i (¢ — 0(x.7)]} (4

It should be noticed that the performance of metalens with
the target phase profile shown in Equation (4) is implemented
purely by geometric phase nanostructures. The target phase in
Equation (4) consists of the phase profile of a convex lens (lead-
ing to focusing) and a concave lens (resulting in divergent beam).
Therefore, under the illumination of LCP THz waves, only half
of the transmitted waves will be converted to RCP light (for focus-
ing) with an additional phase delay of ¢. In contrast, for the RCP
incidence, half of the transmitted waves will be converted to LCP
light (for focusing) with an additional phase delay of —¢. Under
the illumination of linear-polarized light, a linear-polarized focal
point with polarization-rotated functionality (with rotating angle
of +¢) can be realized. The rotation angle of +¢ can be realized
by rotating all nanostructures with an angle +¢/2, resulting in
the impart phase delays of +¢ and F¢ to RCP and LCP compo-
nents, respectively. Here, only half of the transmitted THz waves
converted to RCP/LCP light is attributed to the phase profile of a
convex lens exp (¢) and a concave lens exp (—¢) in Equation (4).
Therefore, for the linearly polarized incidence, the focusing effi-
ciency cannot exceed 50% in theory.

Accordingly, the total phase requirement for a metalens with
polarization-rotated focal spots (see schematic of Figure 1) can be
described as.

(I’l(x’Y))]
?,(%9))] }

where ¢,, @, are the two phase profiles for the generation of
two separate focal points, whose corresponding rotation angles of

@, (x,y) = arg{exp[i (¢, + @, (x.y))] + exp[i (¢ —
+ expli (¢, + @, (x, y))] +expli (¢, —
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Figure 2. Design and fabrication of the metasurface and schematic of the experimental setup. a) Schematic of the designed metasurface with silicon-
based micro-pillars sitting on a silicon substrate. b—d) The optical images of the fabricated metalenses to generate polarization-rotated single focal
point, longitudinal multiple focal points, and transversal multiple focal points, respectively. The scale bar in the figures is 200 pm. e) Schematic of the
experimental setup to characterize the properties of the metalens and polarization-dependent imaging. All of the designed metalenses consists of 100
X 100 micro-pillars, meaning that they are square, not circular. The side length of the square is 11.0 mm.

polarization are represented by ¢, and ¢,, respectively. Although
both ¢, and ¢, are designed based on Equation (2), the two fo-
cal lengths f; and f, are different. The rotation angles of these
two longitudinally distributed focal spots can be the same (¢; =
¢, # 0) or different (¢, # ¢,). As a consequence, the polariza-
tion rotation and focal lengths of the multi-foci metalens can
be flexibly modulated with various combinations of ¢,, ¢, and
@1, @,- The design details of the proposed multi-foci metalens
with polarization-rotated focal spots are given in Section 1, Sup-
porting Information. The numerical simulation of polarization-
independent focusing is provided in Section 2, Supporting
Information.

3. Results

The dielectric metasurface consisting of anisotropic silicon
micro-pillars with spatially variant orientations sitting on the sil-
icon substrate is used to simultaneously realize lens focusing
and polarization rotation, as shown in Figure 2a. Each micro-
pillar in the metasurface can be considered as a half-wave plate,
which can rotate the polarization or focusing by an abrupt phase
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(Pancharatnam-Berry phase) delay of +26, where 6 is the angle
between the long side of micro-pillar and x-axis, and the sign of
the phase is determined by the helicity of the incident light beam
(LCP or RCP). The length, width, and height of each micro-pillar
are optimized as L = 85 pm, W = 40 pm, and H = 500 pm, re-
spectively, and the pixel size is P = 110 pm along both x-axis and
y-axis (the design of the silicon pillars is shown in Section 3, Sup-
porting Information). Figure 2b—d shows the optical images of
the fabricated metalens to generate single focal spot, longitudi-
nal multiple focal spots, and transversal multiple focal spots, re-
spectively. To characterize the performance of these unusual THz
metalenses and polarization-dependent imaging, near-field scan-
ning terahertz microscopy (NSTM) is utilized to detect the corre-
sponding field distributions (see schematic of the experimental
setup in Figure 2e). A laser beam with A = 780 nm is splitted into
two parts: one part of the beam is coupled onto the THz tip for
detecting the field distributions, while the other part is shined
on the photoconductive antenna to generate the THz waves. The
THz tip is located in front of the sample to record the electric
field distributions of focal points and imaging, while the posi-
tion of the metalens is fixed. The measurement method is also
shown in Section 6.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Electric field distributions for the metalens with a single polarization-rotated focal point. a,b) The simulated y- and x-polarized electric field
distributions for the transmitted THz waves at x—z plane under the illumination of x-polarized THz waves. c,d) The corresponding experimental results.
e,f) The simulated electric field distributions for the designed metalens at x-y plane and z = 6 mm. g,h) The corresponding measurements for the

designed metalens at x—y plane and z = 6 mm.

As a feasibility study, a metalens with a single polarization-
rotated focal point is initially demonstrated. Such a metalens
(see Figure 2b) consists of 100 x 100 micro-pillars (with the cor-
responding side length of 11.0 mm), and the working frequency
is 0.69 THz. The structure parameters in Equation (4) are as
follows: f= 6 mm (focal length) and ¢ = 90 (polarization rotating
angle). Figure 3 shows the numerical simulation and experimen-
tal results of this metalens. The finite difference time domain
method is used to calculate the field distribution after the inci-
dent light passes through such metalens at normal incidence.
For a linearly polarized incident THz beam with polarization
along x-axis (x-polarized), one focal spot is clearly observed at z =
6 mm away from the surface of metalens, as shown in Figure 3a.
It should be noted that the polarization axis of the incident light
is rotated by 90° at the focal point. The x-polarized electric field
distribution (| E, |?) of such metalens is also calculated, as shown
in Figure 3b. It can be seen that none of the x-polarized electric
field contributes to the focal spot, unambiguously demonstrating
the polarization rotation of the converted THz beam (focal spot).
The numerical calculations agree well with the theoretical design
parameters of f = 6 mm and ¢ = 90°. The experimental results
are shown in Figure 3c,d. A linearly polarized (LP) THz beam
along the x-axis is focused into a focal spot away from the sample
surface (nearby z = 6 mm), and the polarization axis is rotated
by an angle of 90°, generating a y-polarized focal spot. Both
the experimental results and numerical simulations agree well
with each other, except for a slight discrepancy, which can be
attributed to the sample imperfection and the limited number of
micro-pillars in metalens. The electric field distributions in x—y
plane (|E,|* and |E,|?) are also given in Figure 3e-h. At the real
focal plane z = 6 mm, a focal spot with polarization rotation of
Z is observed, as shown in Figure 3e,g, respectively, while none
of the x-polarized focal spot is observed (see Figure 3fh). The
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schematic that represents the characteristic of such metalens
and the corresponding electric field distributions in y—z plane
are given in Section 4, Supporting Information.

Nevertheless, a single device with more functions, thatis, mul-
tiple focal spots with functionality of polarization rotation (see
Figure 4), is desirable for device miniaturization and system
integration. Inspired by this, we further design a longitudinal
polarization-rotatable multi-foci metalens (see schematic of Fig-
ure 4 and sample of Figure 2c). According to Equation (5), we
design such a metalens with structure parameters of f; =3 mm
(focal length of the first focal spot), f, = 6 mm (focal length of the
second focal spot), ¢p; = 90° (rotation angle of polarization for left
focal spot), and ¢», = 0° (non-polarization rotation for the right fo-
cal spot). Under the illumination of x-polarized THz waves at 0.69
THz, a focal spot located at z = 3 mm with polarization along y-
axis is achieved, as shown in Figure 4a. In contrast, an x-polarized
focal spot is observed at z = 6 mm (see Figure 4b). Figure 4c,d
shows the measured results, in which there are also two linearly
polarized focal spots with orthogonal polarizations at z = 3 mm
and z = 6 mm, respectively. Good agreement between the experi-
mental results and theoretical prediction is observed, confirming
the properties of multiple focal spots and polarization rotation.
Figure 4e—h shows the corresponding electric distributions in x—
y plane. The 2D field distributions also demonstrate the above
characteristics. The calculations and measurements of the field
distributions in y-z and x—y planes are also supplied in Section
5, Supporting Information.

Our design principle can not only steer THz beam to form
multiple focal spots in longitudinal direction, but also enable the
ability to harness the THz waves in transverse direction, lead-
ing to the transversal multiple focal points (see the principle
of transversal multiple focal spots given in Section 1, Support-
ing Information). Figure 5a shows the schematic of proposed
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Figure 4. Electric field distributions for the metalens with polarization-rotated longitudinal multi-foci metalens. a,b) The simulated y- and x-polarized
electric field distributions for the transmitted THz waves at x—z plane under the illumination of x-polarized THz waves. c,d) The corresponding measure-
ments. e,f) The simulated electric field distributions for the designed metalens at x—y plane and z =3 mm, z= 6 mm, respectively. g,h) The corresponding
measurments for the designed metalens at x—y plane and z =3 mm, z = 6 mm, respectively.

metalens that can split a linearly polarized THz beam into two
LP focal spots in +x-axis without polarization rotation. The re-
quired phase distribution for such metalens is expressed as

D (x,y) = arg {exp [i (¢ + @(x.y) + 5,)]
+exp [i (q,’) +o(x,y) — 6x)] + exp [i (4) -(xy) + éx)]
+exp [i(6 -y -5.)]} (6)

where 6, = (r/7) is the phase gradient in x-axis, and the po-
larization rotating angle is 0 (¢ = 0, non-polarization rotation).
Figure 5b,c shows the numerical results for the transversal multi-
ple focal spots. Under the illumination of x-polarized THz waves,
it is splitted and focused into two spots in transverse direction
(xx-axis), and the polarization of each spot is parallel to the
incident THz waves. The experimental demonstrations of beam
splitters with functionality of focusing are given in Figure 5d.e,
respectively. As illustrated in Figure 5f—i, the electric field distri-
butions in x—y plane also reveal the function of our designed met-
alens. In addition, the transversal polarization-rotated multi-foci
metalens is demonstrated in Section 6, Supporting Information.

4, Discussion

To simultaneously characterize the lens imaging functionality
and polarization rotation capability, a polarization-dependent
sample is designed, as shown in Figure 6a. As a proof-of-
concept, we utilize longitudinal multi-foci metalens to real-
ize THz polarization-dependent imaging. Although terahertz
imaging!*6#’l and tomography,*¥! that are scanning imaging, have
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been successfully applied in the areas of nondestructive testing,
such as pattern recognition and bio-imaging, the polarization-
dependent imaging (for the polarization-dependent pattern) has
not been demonstrated yet. Here, a Chinese character of “Sun”
consisting of two symmetrically placed capital letters “E” is fabri-
cated. Each capital letter is composed of periodic arranged metal
slits coating on the PI (polyimide) film, in which the slit for the
left “E” is parallel to y-axis while it is perpendicular to y-axis for
the right “3”, as shown in Figure 6b. The numerical simulations
of transmitting characteristics for the metal slit are shown in Sec-
tion 7, Supporting Information. The calculations for polarization-
dependent imaging are shown in Figure 6¢,d. For the illumina-
tion of y-polarized THz waves, the left pattern of “E” is revealed,
and the right “3” is not observed (see Figure 6c¢). In this case, the
incident THz waves is almost fully reflected on the left “E”, and
nearly perfectly transmitted on the right “3” and surroundings,
resulting in the pattern of “E”. In contrast, for the x-polarized
illumination, the right “3” is observed. In our experiment, the lo-
cation of the detector (THz tip) and metalens is fixed while the
polarization-sensitive sample (embedded in the left or right fo-
cal spot) is scanning/shifting to reveal the desired pattern. As
shown in Figure 6e,f, we observe two symmetrically placed cap-
ital letters “E” revealed from two polarization-orthogonal focal
spots, demonstrating the properties of the multi-foci metalens
with polarization-rotated focal points.

High temperature gas-cooled reactors (HTGRs), as the next
generation nuclear plant (NGNP), are entirely dependent on
the large graphite core.*”) Irradiation creep, a crucial prop-
erty of nuclear graphite, is the tendency of graphite to deform
permanently (or slowly move) due to the influence of radia-
tion and temperature.” The irradiation creep of graphite may

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

&~
+
N’
=t
g
Y
-
—
4
w2

24160800 08 L6
X{1nmn)

t

Xp erim en

E

. e T BT |
-24 -16-0800 08 l6 24
X{1na)

24 -16-0800 08 lo6 24
X{1nm)

www.lpr-journal.org

y{oam)

h
)
N o

24 -l6-0800 08 le 24
X(nun)

o oo
L3~ N — I -

y{voan)

[
-24 -16-0.8 00 08 16 24

x{(hun)
_2 D a

-24 -16-0800 08 16 24
X(1an)

y(mm)
[—)
x4

=] [
1

y(man)

o o
[~ I —

24 -16-0800 0.8 L6 2.4
X(nun)

Figure 5. Schematic and electric field distributions for the transverse multi-foci metalens. a) The schematic for the transverse dual-foci metalens under
the illumination of x-polarized THz waves. b,c) The simulated x- and y-polarized electric field distributions for the transmitted THz waves at x-z plane. d,e)
The corresponding measurements for the metalens with polarization-rotated transverse dual-foci metalens. f,g) The simulated electric field distributions
for the designed metalens at x—y plane and z = 5 mm, respectively. h,i) The corresponding measurments for the designed metalens at x-y plane and

z =15 mm, respectively.

become very large, and inevitably degrades its function under
certain reactor conditions. Therefore, how to monitor the irra-
diation creep of graphite is critically important for HTGR. Ter-
ahertz polarization-dependent imaging of nuclear graphite is
one of the most advanced approaches to detect the irradiation
creep, since it is a nondestructive evaluation technique to mon-
itor mechanical properties of graphite.’!] Our approach can be
extended to design multiple focal spots (more than two focal
points) with arbitrary polarization rotation directions. Therefore,
it can be practically applied into the polarization-dependent imag-
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ing of nuclear graphite for detecting the irradiation creep of
graphite.

Polarization conversion efficiency plays an important role
in the evaluation of device performance. In this work, the po-
larization conversion efficiency is defined as the ratio between
the power of desired polarization rotation and incident power,
similar to that in ref. [52]. The polarization conversion efficiency
for the micro-pillars with same orientations at 0.69 THz is 97%
in the simulation. The detailed discussion of the simulated
and measured polarization conversion efficiency and focusing

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Polarization-dependent imaging. a,b) The schematic and optical image of the designed sample “Sun” for polarization-dependent imaging.
¢,d) The simulated electric field distributions for the designed imaging sample with the shinning of x- and y-polarized THz waves, respectively. e,f) The
measured images with the designed imaging sample inside the left and right focal spots, respectively. Here, when the designed sample “Sun” is placed
in the left spot, the left “E” can be revealed by scanning the sample (the sample is continuously moved while the THz tip is fixed to record the electric
field distributions), while the right “3” can be reconstructed by the right focal spot, resulting in the polarization-dependent imaging. The red scale bar

in (b) is 2 mm.

efficiency (for simulations) are provided in Section 8, Supporting
Information.

The approach can be used to design geometric metasurface
with simultaneous control of the phase and polarization in all
spatial dimensions, which can enable the capability to realize
efficient functional THz multi-foci metalens with applications
in polarization-dependent imaging. Inspired by device minia-
turization and system integration, the longitudinal and transver-
sal multi-focal metalens with functionality of polarization-
manipulation are designed and experimentally demonstrated. In
our work, the uniqueness of the proposed THz metalens is the
integration of different functionalities, that is, longitudinal mul-
tiple focal spots with different polarizations, leading to the simul-
taneous multiplexing of focusing and polarization rotation in a
single device. On the other hand, such polarization-rotated multi-
foci metalens is directly applied for THz polarization-dependent
imaging, which has not been demonstrated yet. Unlike the tra-
ditional metalens that were applied in diverse types of imaging
such as magnified and demagnified imaging, achromatic imag-
ing, and full-color light-field imaging, the polarization-dependent
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multi-foci metalens were designed for realizing multiple images
that were revealed depending on the polarization. Our unique
design will enable the metalens with unusual functions that
are very difficult or impossible to achieve with conventional
lenses.

5. Conclusion

In summary, we have proposed and demonstrated an approach to
develop metalens with multiple polarization-rotated focal spots.
The polarization axis of the incident linearly polarized light beam
is rotated at each focal point. The longitudinal and transver-
sal multiple focal spots with predesigned polarization rotation
are experimentally demonstrated. Benefiting from unique prop-
erty of the metalens, THz polarization-dependent imaging is
demonstrated. The simplicity and robustness of our design not
only provide a platform for simultaneous multiplexing of focus-
ing and polarization rotation, but also open a novel avenue for
polarization-dependent imaging.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

6. Experimental Section

Sample Fabrication: We used a 1000-pum-thick intrinsic silicon wafer
(<100>, Q= 10000 ohm) for the fabrication of the metalens. The AZP4620
photoresist (with thickness of 7-8 ym) was spun (with spin speed of
6000 RPM) onto the silicon wafers cleaned in ultrasonic bath. Then, the
photoresist film was baked at 100 °C on a hotplate for T min. A mask
aligner (IMP SF-100) was used for the exposure of the resist film. After
the development process, the resist film with micro-pillars was baked at
100 °C for 2 min and then etched using the DRIE (Bosch) process with
SFg and C,Fg for 95 min. Finally, the silicon micro-pillars were obtained
after the photoresist is removed by using acetone. For the imaging sam-
ple, the photoresist was spin-coated on one side of the Pl film, and the
mask was utilized for exposure processing. The gold array (imaging sam-
ple) was formed after metal coating and ultrasonic stripping.

Experimental Setup: The near-field scanning terahertz microscopy
(NSTM),P334 as illustrated in Figure 2e, was built up to perform the char-
acterization of the fabricated samples. A femtosecond laser was used to
generate a laser beam with a wavelength of 780 nm, which is splitted into
two parts. One part of the light was guided into the photoconductive an-
tenna emitter to generate THz waves, and the THz beam impinges on the
metalens (and imaging sample). The other part was coupled into a single-
mode fiber with a length of 10 cm, and then shined on the THz tip/detector
for detecting the electric field distributions. The THz tip was mounted on
a 3D translation stage, enabling the capability of 3D field scanning. The
position of the metalens was fixed and the THz tip was inside the focusing
region to scan the field distribution. The electric field was detected with a
step size of 25 pm along both x-direction and y-direction and 100 ym step
size along the z-direction. For the polarization-dependent imaging, the po-
sition of the metalens and THz tip was fixed while the imaging sample was
moved step-by-step for imaging with a step size of 200 pm along both the
x-direction and y-direction.

Supporting Information

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