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1. Introduction

All-optical computing has aroused great concern for some time,
as the current energy efficiency of digital electronics cannot meet
the rapid growth of computing loads'' ). Light-based devices
show powerful capabilities in fast signal processing over elec-
tronic counterparts since photonic circuits can eliminate the
restriction of running speed and heat loss with photons instead
of electrons™”), As the fundamental building block of comput-
ing, optical logic operation holds large potential in the field of
nano-photonics and integrated optics. Previously reported opti-
cal logic gates mainly use multi-beam interference or nonlinear
effects, which have strict and complex operational requirements.
Specifically, the phase difference needs to be precisely controlled
for multi-beam interference so that the intensity contrast ratio
between the output binary logic “1” and “0” can be effectively
realized®”). To ensure the generation of nonlinear effects, the
use of high optical power is demanded, which is unfavorable
in practical optical systems®”). In addition, the introduction
of bulky apparatus has greatly hindered the miniaturization
and integration of the logic operators, which is not applicable
to the implementation of an optical network at the chip scale.
Thus, ultracompact metasurface-based operators are urgently
needed for the advancement of optical logic gates, which provide
a promising solution for simplifying the operation process and
removing the bulky configurations.

Metasurface, two-dimensional versions of metamaterials, can
manipulate the phase, amplitude, polarization, and orbital
angular momentum of incident electromagnetic waves using
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We developed a general framework for parallel all-optical logic operations with independent phase control of arbitrary
orthogonal polarization state enabled by a single-layer metasurface. A pair of orthogonal circular polarized bases are used
as two input channels of the logic operator, and their four combinations perfectly match various binary input states.
Correspondingly, distinct phase profiles are encoded into the metasurface, which enables parallel operation of the two
logic gates by way of polarization switching. It allows for an efficient and compact way to implement multi-channel multi-
plexed logic gate operations with the capability of fast optical computing at the chip scale.

Keywords: parallel all-optical logic operation; metasurface; polarization.

subwavelength arrays of optical phase-shifting elements!'®~'2],

They have provided a scalable platform for various applications,
such as metalens!">'*), LIDAR!">'®!, and color display!"”'®],
Especially, metasurface-based optical computing is booming
and progressing due to its multifunctionality, miniaturization,
and CMOS compatibility'*?°!. Recently, metasurface-based
logic operators have been demonstrated by partially mimicking
a trained diffractive neural network, which opens a new pathway
toward photonic networks with miniaturization and integration.
When input light strikes the specific regions of the metasurface
(mode selection for logic gates), corresponding binary logic “1”
or “0” can be presented in the form of a light spot on the output
layer'?"*?!. That means an optical mask for mode activation of
the input layer is necessary in a neural network-based logic oper-
ator. This will inevitably create difficulties in calibration and
installation, which is not conducive to the further development
of integrated optical systems.

Here, we propose and demonstrate a single-layer metasur-
face-based logic operator that can perform two logic gates in
parallel. A pair of orthogonal circular polarized bases are used
as two input channels of the logic operator, and their four com-
binations perfectly match various binary input states. According
to the generalized Snell’s law of transmission, an abrupt phase
can be encoded on a 2D planar metasurface, allowing for flexible
wavefront engineering. By assigning multiple independent
phase gradients to two orthogonal polarizations, off-axis bi-
focus and one focus can, respectively, be realized under the inci-
dence of circularly polarized and linearly polarized light™**!. The
results show that it perfectly matches the mechanism of Boolean
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logic operations by reasonably designing the phase profile. Thus, ~ spot 2 (x = —3.5pm) is designed as the “XOR” or the “NOT”
the framework of a bi-logic operator can be built using a micro-  logic gate.
chip vertical-cavity surface-emitting laser, which is attractive in Figure 1(b) displays the detailed logic operations under dis-
all-optical logic operations with polarization-bistability!**?”).  tinct input conditions. Focal spot 1 can be achieved as long as
The proposed multiplex bi-logic operator features no alignment ~ there is an input beam, which is the logic function of the
problems and suffers from negligible crosstalk with a single non- “OR” gate. In other words, the inputs (1, 0), (0, 1), and (1, 1)
interleaved metasurface. More importantly, wavefront engineer- ~ correspond to binary logic output “1”, while the input (0, 0) cor-
ing with the Jones matrix metasurface allows flexible expansion ~ responds to binary logic output “0”. Also, focal spot 2 can be
of a few logic operations channel capacity without degrading the ~ realized only when one of the input channels is activated, which
quality of logic operations. is the performance of the “XOR” gate. That is, binary logic out-
put “1” can be achieved under the input (1, 0) or (0, 1), and
binary logic output “0” is performed under the input (0, 0) or
2. Principle and Design (1, 1). Moreover, focal spot 2 can also be used as the logic output
of the “NOT” gate. Here, the RCP input channel serves as the
control port, which can provide power to ensure the logic oper-
ation. The LCP input channel is used as the binary logic input of
the “NOT” gate. Correspondingly, the incidence of the LCP
leads to the logic output “0”, and the incidence without the
LCP leads to logic output “1”.

We then progress to the design principle of the polarization-
switchable bi-focus metalens, which can be used to implement
a parallel optical logic operation. The wavefront modulation
of metasurfaces is manipulated by the optical responses of its
composed meta-atoms. Here, each meta-unit can be regarded
as a linearly birefringent wave plate with the Jones matrix
expressed as

Figure 1 schematically shows the parallel optical logic operator
based on a polarization-switchable bi-focus metalens. As shown
in Fig. 1(a), we adopt right-hand circularly polarized light (RCP,
input channel 1) and left-hand circularly polarized light (LCP,
input channel 2) as the two input channels. Then, polariza-
tion-tunable off-axis focusing can be achieved on the focusing
plane according to distinct input conditions. Specifically, there
are two off-axis focal spots under the incidence of RCP or LCP,
while there is only one off-axis focal spot under the X linearly
polarized light (XLP, a combination of RCP and LCP).
In the parallel logical operations, a pair of orthogonal circularly
polarized lights are employed as the two input channels, where
binary input level (“1” or “0”) is determined by the light inten-
sity in the corresponding channel. Thus, the input signals with i@
RCP, LCP, and XLP are denoted as (1, 0), (0, 1), and (1, 1), J= R(_g)(e * 2) )R(g), (1)
and no input is represented as (0, 0). The binary logic output 0 &%

(“1” or “0”) directly depends on whether there is a spot in the

design area of the focal plane. Here, off-axis focal spot 1 ~ where ¢, and ¢, separately represent the phase shifts acting
(x =+3.5pm) is designed as the “OR” gate, and off-axis focal =~ along the fast axis and slow axis, which can be modified by
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Fig. 1. Working principle of the parallel logic operation based on the metasurface polarization optics. (a) Polarization-tunable focusing effects of the nonin-
terleaved metalens under diverse polarized light. RCP is adopted as the input channel 1(IN1) and LCP is used as the input channel 2 (IN2). Focal spot 1is designed
for the “OR" logic gate, and focal spot 2 is used for the "XOR" or the "NOT" gate. (b) The detailed mechanism of the all-optical logic operations. The black and red
numbers are the input binary logic values and the output levels, respectively. Terminals labeled with “Control” indicate that the control port is turned on, which can
provide power for the operation of the “NOT" gate.

101602-2



Chinese Optics Letters Vol. 21, No. 10 | October 2023

the geometric dimensions of the meta-atom. Rotation matrix ~ of ¢, the Y linearly polarized light with a phase profile of ¢,
R(O) = ( cos @ sin 6 and the circularly polarized light with a phase profile of ¢,.
—sin @ cos 6 Note that LCP and RCP can be added to form a linearly polar-
angle 6 relative to the reference coordinate axis!''. Then, the  ized light vibrating in the X direction. Illuminated by the XLP
Jones matrix can be formulated as a symmetric and unitary  light with a Jones vector of (1  0)7, the output field of the met-

) is a real unitary matrix with a rotation

matrix, alens can be expressed as
; . ; . ; ; XLP XLP e i (1 ig, [ O
( cos? @ + sin® @e'’y  sin O cos O(e?x — e"/’y)) Eoi =T -En" =\ gp, | =" o) T 1) @
sin @ cos O(ei? — e?)  cos? Per + sin? Pl

b i, The output field comprises two different polarized compo-

- ( € ¢ ) ) (2)  nents, namely, the X linearly polarized light with a phase profile
et et of ¢, and the Y linearly polarized light with a phase profile of ¢,.

As formulated by Egs. (3) and (4), one can extract phases ¢,

Due to the symmetry of the metasurface, it owns three inde- %2> and ¢; from the output results under the input of only the
pendent degrees of freedom, i.e., phases ¢, ¢, and ¢, which RCP or LCP, and ¢, and ¢, can be extracted when two channels
can be individually controlled by the cooperation of the propa-  3r¢ activated at the same time. To realize the above-mentioned

gation phase and geometric phase!*>***°!. Under the incidence parallel logic operations, the encoded ¢, is used for
the construction of the “OR” gate, and ¢; is designed for the

construction of the “XOR” or the “NOT” gate. Noticeably, the

additional phase ¢, is assigned to a random phase profile with

By 1 i) negligible crosstalk to the logic operations.

ERCP/LCP _ ;| pRCP/LCP _ (e + e ) To display the binary logic intuitively, off-axis focusing is
out n et 4 eil#3%) implemented using the required phase ¢; (i =1, 3), which can

(1 70 1 be expressed as
— ( ) + el((/)3+§)( ) + el(#243 (_.)) (3)
0 1 Fi

5=" [f— Jo—do? + (- dyy? +f2] NG

of the circularly polarized lights (1 ~ +i)7, the transmitted light
field can be expressed as

«  »

where “+” and “-” are, respectively, denoted as RCP and LCP. o
The output field comprises three different polarized compo- ~ Wwhere (d, d}) is the local position of the focus on the focal plane;
nents, i.e., the X linearly polarized light with a phase profile and f, w, and ¢, respectively, represent the focal length, optical
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Fig. 2. Design of the meta-atom library. (a) Schematic illustration of a single Si nanopillar placed on a rectangular Si0, substrate. (b)-(e) The optical responses of
the meta-atom at the wavelength of 1550 nm. Phase shifts ¢, (b) and transmittance ¢, (d) under the XLP incidence. Phase shifts ¢, (c] and transmittance t,
(e) under the YLP incidence.
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Fig. 3. Design of the metasurface-based logic operator. (a) Phase ¢ is used for the construction of the “OR" gate. (b) Phase ¢, is assigned to a random phase
profile with negligible crosstalk to the logic operations. (c) Phase ¢ used for the construction of “XOR" or “NOT" gate. (d) Top view of the metasurface.

angular frequency, and speed of light in vacuum. ¢! is a constant
reference phase, which can be used to optimize the design of the
proposed metalens.

To achieve the proposed Jones matrix metalens, the meta-
atom library is constructed, as shown in Fig. 2. The meta-atom
is a simple silicon (Si) elliptical nanopillar and periodically
located on a rectangular silicon dioxide (SiO,) substrate with
a fixed height of H=1200nm and a period of P =600 nm.
The propagation phase can be manipulated by shaping the ellip-
tical major axis (D,) and the minor axis (D,) of the nanopillars.
Thus, the functional relationship between (¢, ¢,) and (Dy, D,)
can be established without altering the orientation angle (¢). The
elliptical major axis and minor axis of the nanopillar are both
swept from 50 nm to 550 nm, and the phase shifts ¢, under
the XLP incidence at an incident wavelength of 1550 nm are
shown in Fig. 2(b). Due to the symmetry, phase shifts ¢, under
the YLP incidence are the transposition of phase shifts ¢,, as
shown in Fig. 2(c). They both realize the full coverage of the
0 to 2z range to ensure all phases available. Moreover, the influ-
ence of distinct amplitudes should be minimized to ensure the
high efficiency of the optical signal processing. Figures 2(d) and
2(e) depict the transmittances of the designed meta-atoms. Most
of the transmittances are nearly joined. The geometric phase also
needs to be considered in our design, which is adjusted by alter-
ing the orientation angle (). Then, the flexible control of the
Jones matrix can be implemented by building the functional
relationship between (¢, ¢, and 0) and (¢, ¢,, and ¢3).

Figure 3 illustrates the phase profiles of the metasurface and
the arrangements of the meta-atoms at corresponding positions.

In this work, three phases (¢, ¢,, ¢;) are simultaneously
encoded into three independent channels of the Jones matrix
polarization-switchable metasurface. Phase ¢, is used for the
construction of the “OR” gate, ¢; is used for the “XOR” or
the “NOT” gate, and ¢, is assigned to a random phase profile
with negligible crosstalk to the logic operations. Thus, the two
spatially separated focus spots can be flexibly manipulated with
varied polarization inputs, which can perform corresponding
optical logic operations.

3. Results

To further verify the above theoretical analysis, a polarization-
multiplexed metalens is designed with a focal length of 17 pm,
a dimension of 14 pm X 14 pm, and off-axis parameters of
dy = —=3.5um, d} = 3.5 um, and d}, = 0 pm. As shown in Fig. 4,
simulation results of the intensity profiles on the axial plane
(X-Z cross section) are extracted reasonably under the RCP,
the LCP, and the XLP incidence, which is consistent with the
results of the theoretical derivation. For the RCP or LCP inci-
dence [explained by Eq. (3)], the output X component is a tilted
focal spot along the negative x-axis [Figs. 4(a) and 4(d)], which is
dominated by phase ¢, with a focus located at x = —3.5 pm and
z =17 pm. The output Y component depicts a tilted focal spot
along the positive x axis [Figs. 4(b) and 4(e)], which is controlled
by ¢3 with a focus located at x = 3.5 pm and z = 17 pm. The total
output field shows two tilted focal spots along the negative and
positive x-axis, respectively [Figs. 4(c) and 4(f)], which is the
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Fig. 4. Simulation results of the extracted intensity profiles under diverse polarized light. (a)-(c) Output X component, ¥ component, and the total output field with
RCP incidence. (d)-(f) Output X component, ¥ component, and the total output field with LCP incidence. (g)-(i) Output X component, ¥ component, and the total
output field with XLP incidence.

common work of ¢;, ¢,, and ¢;. The output fields are almost
unaffected by the background noise mainly caused by random
phase ¢,. For the XLP incidence [explained by Eq. (4)], the

output X component is a tilted focal spot along the negative
x-axis [Fig. 4(g)], which is dominated by the off-axis focusing
phase profile ¢, and the output Y component shows no clear
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Fig. 5. Numerical demonstration of the proposed parallel logic processor. (a)-(d) Output normalized intensity distribution, with each corresponding to one exact
input logic state. On each focal plane, the left highlighted region is used as the "OR" gate, and the right is designed for the "XOR" or the "NOT" gate. (e)-

(h) Normalized intensity distribution along the x-axis of (a)-(d).
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focal spot [Fig. 4(h)], which is determined by the random phase Acknowledgement
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optics.
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