ISSN 2096-4579 CN 51-1781/TN

All-optical controlled-NOT logic gate achieving directional asymmetric transmission
based on metasurface doublet

Yijia Huang, Tianxiao Xiao, Shuai Chen, Zhengwei Xie, Jie Zheng, Jianqi Zhu, Yarong Su, Weidong Chen, Ke
Liu, Mingjun Tang, Peter Muller-Buschbaum and Ling Li

Citation: Huang YJ, Xiao TX, Chen S, Xie ZW, Zheng J et al. All-optical controlled-NOT logic gate achieving directional
asymmetric transmission based on metasurface doublet. Opto-Electron Adv 6, 220073(2023).

https://doi.org/10.29026/0ea.2023.220073

Received: 15 April 2022; Accepted: 13 July 2022; Published online: 18 January 2023

Related articles

Intelligent metaphotonics empowered by machine learning
Sergey Krasikov, Aaron Tranter, Andrey Bogdanov, Yuri Kivshar
Opto-Electronic Advances 2022 5, 210147 doi: 10.29026/0ea.2022.210147

Multi-cycle reconfigurable THz extraordinary optical transmission using chalcogenide metamaterials

Tun Cao, Meng Lian, Xieyu Chen, Libang Mao, Kuan Liu, Jingyuan Jia, Ying Su, Haonan Ren, Shoujun Zhang, Yihan Xu, Jiajia Chen, Zhen
Tian, Dongming Guo
Opto-Electronic Science 2022 1, 210010 doi: 10.29026/0es.2022.210010

Graphene-empowered dynamic metasurfaces and metadevices
Chao Zeng, Hua Lu, Dong Mao, Yueqing Du, He Hua, Wei Zhao, Jianlin Zhao
Opto-Electronic Advances 2022 5, 200098 doi: 10.29026/0ea.2022.200098

Terahertz metasurface zone plates with arbitrary polarizations to a fixed polarization conversion
Zhen Yue, Jitao Li, Jie Li, Chenglong Zheng, Jingyu Liu, Guocui Wang, Hang Xu, Mingyang Chen, Yating Zhang, Yan Zhang, Jianquan Yao
Opto-Electronic Science 2022 1, 210014 doi: 10.29026/0es.2022.210014

Recent advances in optical dynamic meta-holography
Hui Gao, Xuhao Fan, Wei Xiong, Minghui Hong
Opto-Electronic Advances 2021 4, 210030 doi: 10.29026/0ea.2021.210030

y
More related article in Opto-Electron Journals Group website r_l

OE/‘A ‘ Opto-Electronic
% Advances ::
Of

2 : 1
http://www.oejournal.org/oea @ OE_Journal . @OptoElectronAdv


https://www.oejournal.org/oea/
https://doi.org/10.29026/oea.2023.220073
https://www.oejournal.org/article/doi/10.29026/oea.2022.210147
https://doi.org/10.29026/oea.2022.210147
https://www.oejournal.org/article/doi/10.29026/oes.2022.210010
https://doi.org/10.29026/oes.2022.210010
https://www.oejournal.org/article/doi/10.29026/oea.2022.200098
https://doi.org/10.29026/oea.2022.200098
https://www.oejournal.org/article/doi/10.29026/oes.2022.210014
https://doi.org/10.29026/oes.2022.210014
https://www.oejournal.org/article/doi/10.29026/oea.2021.210030
https://doi.org/10.29026/oea.2021.210030
https://www.oejournal.org/article/doi/10.29026/oea.2023.220073#relative-article
https://www.oejournal.org/article/doi/10.29026/oea.2023.220073#relative-article
http://www.oejournal.org/oea

Article

July 2023, Vol. 6, No. 7

Opto-Electronic

Advances

DOI: 10.29026/0ea.2023.220073

All-optical controlled-NOT logic gate achieving
directional asymmetric transmission based on
metasurface doublet

Yijia Huang!f, Tianxiao Xiao?f, Shuai Chen*, Zhengwei Xiel, Jie Zheng?,
Jianqi Zhu!, Yarong Su!, Weidong Chen!, Ke Liul!, Mingjun Tang},
Peter Miiller-Buschbaum?3* and Ling Li'*

Optical logic gates play important roles in all-optical logic circuits, which lie at the heart of the next-generation optical
computing technology. However, the intrinsic contradiction between compactness and robustness hinders the develop-
ment in this field. Here, we propose a simple design principle that can possess multiple-input-output states according to
the incident circular polarization and direction based on the metasurface doublet, which enables controlled-NOT logic
gates in infrared region. Therefore, the directional asymmetric electromagnetic transmission can be achieved. As a proof
of concept, a spin-dependent Janus metasurface is designed and experimentally verified that four distinct images corres-
ponding to four input states can be captured in the far-field. In addition, since the design method is derived from geomet-
ric optics, it can be easily applied to other spectra. We believe that the proposed metasurface doublet may empower
many potential applications in chiral imaging, chiroptical spectroscopy and optical computing.
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Introduction ity for ref.>%, optical computing has been treated as a po-

Since the information processing efficiency for tradition- tential platform to meet the demands for large calcula-

al electron-based computing technology with excessive
Ohmic loss is intrinsically limited by the RC delay as well
as the data transfer speed among different modules, op-
tical computing is a promising alternative?. Due to its
unique properties of ultrahigh processing speed, ultra-
low power consumption and parallel operation capabil-

tion amount and low-cost energy consumption. Akin to
its electron-based counterpart, logic operations are also
required in optical circuits to lay the foundation for the
implementation of computing. Therefore, constructing
and exploring all-optical logic gates (LGs) with robust

performance, complete logic function and ease of

Laboratory of Micro-Nano Optics, College of Physics and Electronic Engineering, Sichuan Normal University, Chengdu 610101, China; 2Physik-
Department, Lehrstuhl fur Funktionelle Materialien, Technische Universitat Munchen, James-Franck-Strale 1, 85748, Garching, Germany;
3Heinz Maier-Leibnitz Zentrum (MLZ), Technische Universitdt Miinchen, Lichtenbergstralle. 1, 85748, Garching, Germany; “Tianjin Huahuixin
Technology Group Co., Ltd, Zhongtian Avenue, Tianjin 300467, China.

tThese authors contributed equally to this work.

*Correspondence: P Miiller-Buschbaum, E-mail: muellerb@ph.tum.de; L Li, E-mail: lingli70@aliyun.com

Received: 15 April 2022; Accepted: 13 July 2022; Published online: 18 January 2023

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License.
BY To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
The Author(s) 2023. Published by Institute of Optics and Electronics, Chinese Academy of Sciences.

220073-1


https://doi.org/10.29026/oea.2023.220073

Huang YJ et al. Opto-Electron Adv 6, 220073 (2023)

https://doi.org/10.29026/0ea.2023.220073

implementation is now a hotspot in the fields of optics,
plasmonics and photonics®.

To date, although many related works have been re-
ported to achieve all-optical logic operations based on
linear or nonlinear optical effects, their performances are
still limited by their intrinsic drawbacks. For nonlinear
cases®®, since the optical LGs are mostly based on the
third-order nonlinear susceptibility that heavily depends
on the precise manipulation of control light and pump
light, the robustness for these devices can hardly meet
the requirements for practical applications. For linear
cases, the methodologies mainly include interference ef-
fects and on-chip plasmonic effects’~'2. The limitation for
the former one is the rigid interference conditions and
complicated optical paths, which lead to performance in-
stability as well as device cumbersome!"'?, while the lat-
ter one is restricted by stringent demand for the size of
input beams to avoid cross talk and false output”'°.

Metasurface, as a kind of artificial surface composed of
subwavelength unit cells, has attracted much attention in
recent years due to its unique properties such as small
footprints, flexible functions and planar geometries'*"’.
By ingeniously aligning the meta atoms and choosing
proper materials, many novel phenomena and applica-
tions have been witnessed including electromagnetic ab-
sorption'®23, flat lensing®* %5, surface cloaking®-, polar-
ization control’’=® and meta-hologram*-*’. Recently,
metasurface-based all-optical LGs were also proposed
that have already manifested many exotic advantages
over the traditional counterparts due to their more com-
pact structures and higher operation efficiency** .
However, most of the presented works only realized ba-
sic LGs with “AND?”, “OR” or “NOT” operations, while
additional logic operations will be needed for practical
application.

Here, in order to further enhance the operation ro-
bustness and miniature of the optical device, we propose
a metasurface-based all-optical LG with simple yet gen-
eralized methodology. Distinct from previously reported
works that need specific manipulations for the incident
light, this designed all-optical LG exhibits a highly effi-
cient response simply under plane wave incidence ac-
cording to its incident direction and spin state. Besides, it
possesses multiple-input-output states that behave as a
controlled-NOT (CNOT) LG. Similar to its quantum
counterpart**, control signal (CS) & and target signal
(TS) &, are two basic elements in the all-optical CNOT
LG. Mathematically, such operation can be described as:

&) |&2) = |&) [ D &) (1)
where €1 ,=0 or 1 describes their incident states and &
denotes the logic modulation. As shown in Eq. (1), the
input CS determines the change of TS and the value of
CS is invariant during the operation. Therefore, the
CNOT LG can be expressed by the unitary operation:

|00) [01) [10) [11)

|00) 1 0 0 0
|01) 0 1 0 0 2)
|10) 0 0 0 1
1) 0 0 1 0

Equation (2) shows that if the input CS equals “0”, the
output TS maintains its value. Otherwise, the output TS
will be altered accordingly (“0” to “1” or “1” to “0”). To
further present the working mechanism of the proposed
metasurface-based CNOT LG, Fig. 1 shows the far-field
responses after incident light passing through the metas-
urface doublet under different conditions. It can be in-
ferred that four diverse responses can be obtained, which
perfectly match with the demand for aforementioned
CNOT LG. In this case, CS is the spin state of incident
light, while its incident direction is TS.

Design and methods

To illustrate the mechanism for the aforementioned all-
optical CNOT LG, we begin with the analysis of a typical
anisotropic unit cell as shown in Fig. 2(a). According to
the theory of geometric phase (also known as Pancharat-
nam-Berry phase)®, when plane wave E impinges on
such transparent optical scatterer, the transmission elec-
tromagnetic field E’ can be linked with E by a Jones mat-

rix as
0 —2i
COSE 1s1n§e ¢
E' == 6 E 9 (3)
isin—e** cos—
2 2

where § is the phase difference between orthogonal lin-
ear polarizations, ¢ is the orientation angle between the
unit cell main axis and x axis. Therefore, Eq. (3) can be
further simplified as

E'= cos (g) E — isin (i) x [(E| R)exp(—i2¢)|L)
+(E | L) exp(i29) [R)], (4)
where |L) and |R) denote left- (LCP) and right-handed
circularly polarized (RCP) waves, respectively. The first

term in the right side of Eq. (4) indicates that a part of
the output beam keeps the same polarization as the
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Fig. 1 | Schematic for the proposed all-optical CNOT LG. (a—d) Far-field responses under different incident conditions that correspond to (a)

no focus, (b) two foci, (c) one focus with small focal distance and (d) one focus with large focal distance. The corresponding truth-table is shown

in the inset with spin state as CS and incident direction as TS, which is perfectly matched with that in Eq. (2).

incidence without phase shift, while the second term
shows that another part of the output beam will reverse
its spin and acquire an extra phase shift depending on ¢,
which is defined as geometric phase. Thus, in order to
increase the operation efficiency, the ideal unit cell for
most of the geometric phase based metasurfaces is a
high-performance half wave plate (HHWP) with §=n
and the co-polarized transmitted waves are generally
treated as noises. Since incident light with opposite spins
will experience reversed phase shifts, these metasurfaces
exhibit conjugated directional performance as shown in
Fig. S1. It should be mentioned that although recent
design methods can decouple the spin-dependent phase
response by combining geometric phase with propaga-
tion phase'*, the conjugated responses are still existing
so that the phase shift under LCP front incidence (RCP
front incidence) is always equal to that under RCP back
incidence (LCP back incidence).

To break the spin-dependent directional transmission

conjugation, we propose a metasurface doublet with a
metasurface (M1) composed of HHWP unit cells at the
front side and another metasurface (M2) composed of
low-performance half wave plate (LHWP) unit cells with
0=m/2 at the back side. In the simulation, the device is
all-silicon with permittivity obtained from measurement®
and the details are given in the Experimental section. It
can be inferred from Fig. 2(b) and 2(f) that the polariza-
tion conversion ratio (defined as the transmittance of
cross-polarized light to transmitted light) at 28.3 THz is
larger than 98% for HHWP unit cell and about 50% for
LHWP unit cell. Besides, the simulated phase delays in
Fig. 2(b) and 2(f) are well accorded with the geometric
phase that the implemented phase 6 of the unit cells is
solely dependent on their orientation angle ¢ with
0=+2¢, where * is determined by the incident spin.
Therefore, the transmitted light can be fully manipu-
lated by the HHWP unit cells, while only half of the
transmitted light is manipulated by the LHWP unit cells.

220073-3
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Fig. 2 | Unit cells for the CNOT LG metasurface doublet. (a, e) Schematic for HHWP and LHWP unit cells, respectively. P=4.5 ym, h=6 pym,
11=3.7 uym, w1=1.2 ym, L=2.9 pm and w»=2.05 um. (b, f) Corresponding polarization conversion ratio (left panel) and phase delay (right panel)

with different ¢ for cross-polarized waves at 28.3 THz under LCP incidence. (c, g) Corresponding transmittance at ¢=0 (solid lines) and @=1/4
(dashed lines) from 27-29 THz. (d, h) Corresponding magnetic field distributions at —28.3 THz.

Figure S2 performs a full-wave simulation for beam de-
flection to further illustrate this issue. Furthermore, the
results in Fig. 2(c) and 2(h) indicate that the transmit-
tance of proposed unit cells is nearly unchanged with dif-
ferent orientation angles. The physical mechanism for
the HHWP and LHWP can be attributed to different
magnetic couplings in the two cases as shown in Fig. 2(d)
and 2(g). Apparently, the magnetic field enhancement in
the former case is much larger than that in the latter one,
which

conversion.

explains the difference for polarization

Results and discussions

In order to achieve highly efficient all-optical CNOT LG,
M1 is designed as a convex lens for LCP front (RCP
back) incidence with focal distance f;, and M2 is also de-
signed as a convex lens for LCP front (RCP back) incid-
ence with focal distance f,. Therefore, due to the trans-
mission conjugation of the geometric phase, both
metalenses are concave lenses for RCP front incidence
and LCP back incidence with focal distances —f; and —f3,
respectively. In this case, the transmitted field under cer-
tain incident direction and spin state can be calculated
simply by geometric optics®. Figure S3 gives detailed de-
ductions for the calculation when the substrate thickness
d is assumed to be much smaller than f; and f,. It should
be mentioned that in all four cases the output can be di-
vided to two parallel parts: One is solely given by M1

with a focal distance £}, the other is the doublet effect by
M1 and M2 that the focal distance f3 can be calculated as
f=%|(fif)/(fi-f)|, where + is determined by the incident
spin and direction. Apparently, a positive focal distance
indicates that the focal spot can be observed in the trans-
mitted side, otherwise the focal spot cannot be observed.
To further illustrate this issue, Fig. 3 depicts corres-
ponding numerical results based on vectorial diffraction
theory®!. In this case, the phase delay and the transmit-
ted amplitude of the metasurface doublet are retrieved
from the simulated results for the unit cells. The diamet-
er of the metasurface doublet is d;=6 mm, the focal dis-
tances f; and f, are set as 3d; and 9d,. It can be inferred
that focal spots can be observed at two locations at z=18
mm (f;, white dashed lines) and 27 mm (f3, blue dashed
lines), which matches well with the results calculated by
geometric optics. The calculated intensity contrast ratio
(ICR) is defined as ICR=I,/I,, where I; and I indicate the
intensity at a certain position, and the subscripts (1 or 0)
are according with those in the insets of Fig. 3. The cal-
culated ICRs are larger than 30.2 dB at z= f; and 26.8 dB
at z= f3 which demonstrates the robustness of the pro-
posed method. In fact, the ICR can be further increased
simply by enlarging the size of device or shortening the
focal distance. Full-wave simulations are performed us-
ing the time domain solver of the commercial software

CST Microwave Studio and the corresponding results are

220073-4
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Color bar

Fig. 3 | Numerical far-field results in x-z plane under different incident conditions. (a) Front RCP incidence. (b) Front LCP incidence. (c)
Back RCP incidence. (d) Back LCP incidence. The insets show the 2D normalized intensity distributions at z=18 mm (white dashed lines) and 27

mm (blue dashed lines). When a focal spot can be observed at certain focal plane, the corresponding truth table is “1”, otherwise the truth table is “0".

shown in Fig. S3. It can be inferred that the simulated
results match well with their calculated counterparts that
four different outputs can be clearly observed.

As a proof of concept, corresponding experiments are
carried out as shown in Fig. 4. Figure 4(a) depicts SEM
images of the fabricated M1 and M2 with negligible sur-
face roughness and vertical sidewalls with a sidewall
angle >80° (details of the fabrication process is given in
the Experimental section). The schematic illustration of
the measurement setup is shown in Fig. 4(b) and the op-
tical path in experiment is shown in Fig. S4. A CO; laser
with working frequency of 28.3 THz is used as the light
source. After passing through an attenuator to adjust the
intensity, the incident wave will propagate through a lin-
ear polarizer (LP) followed by a quarter-wave plate (1/4).
Then the generated circularly polarized beam will pass
through a beam expander (BE) and illuminate on the
sample (SA). An infrared charge-coupled device (CCD)
(640 x 512 pixels, pixel size 12 um X 12 pm) is used to
measure the far-field images. By changing the angle
between the main axes of LP and 1/4, the spin state of the
generated circularly polarized wave can be altered. The
measured results are given in Fig. 4(c-f) that correspond
to their theoretical counterparts in the insets of Fig.
3(a-d), respectively. The cross section views on the focal
plane for the four cases are shown in Fig. S5 with meas-
ured ICRs of 8.6 dB at z= f; and 8 dB at z= f5. The meas-
ured results are smaller than the calculated results, which

may be due to two reasons. Firstly, the background noise

for the infrared CCD cannot be eliminated that will de-
crease the obtained ICR. Secondly, the imperfect fabrica-
tion of the metasurface will also unavoidably influence
the performance of the device. Besides, due to the
wavelength-independent nature of the geometric phase
of the unit cells as shown in Fig. 2(c) and 2(g), the pro-
posed all-optical CNOT LG can work efficiently within a
certain bandwidth. For instance, Fig. S6 depicts corres-
ponding results at 27 and 29 THz, demonstrating that a
similar performance can be realized as that in Fig. 3 ex-
cept for the slight shift of the focal distance. To demon-
strate the advantages of the proposed all-optical CNOT
LG, a comparison between the proposed device and oth-
er previously reported works is shown in Table S1 in the
Supplementary information.

In fact, except for the above mentioned case, the focal
spot can also be shaped by adding extra phase shifts. For
example, Fig. S7 shows the results when a vortex phase is
added to M2. In this case, a donut-shaped focal spot can
be observed at z= f;3. Moreover, a promising application
for the all-optical CNOT LG is to achieve asymmetric
electromagnetic transmission for information encryp-
tion. Although previously reported Janus metasurfaces
were able to realize directional asymmetric transmission,
the method is designed for single polarization that half of
the incident power is intrinsically blocked due to super-
cell strategy®>*. Since the proposed metasurface doublet
can achieve multiple-input-output performance, it can
be used to design Janus metasurfaces for both orthogon-
al polarizations as shown in Fig. 5. Figure 5(a) shows the
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Fig. 4 | Experiment for the asymmetric transmission metasurface doublet. (a) SEM images for the front (left) and back (right) side of the

metasurface. (b) Schematic illustration of the measurement setup. LP: linear polarizer. A/4: quarter wave plate. BE: beam expander. SA: sample.
(c—f) Intensity distributions at z=18 mm and 27 mm. (c) Front RCP incidence. (d) Front LCP incidence. (e) Back RCP incidence. (f) Back LCP in-

cidence.

schematic flow chart of the design process which is simil-
ar to that in ref.*’. Firstly, the phase distributions ¢; and
¢, for the two original images “32” and “35” are ob-
tained by point source algorithm, respectively. Then, the
orientations of HHWP unit cells on the front side of the
Janus metasurface are determined by geometric phase
according to ¢;. Since the image plane of the designed
Janus metasurface with the size of 1 mm? is designed at
30 mm away from the front side, considering the thick-
ness of the substrate of 0.5 mm, ¢ is designed so that the
distance from the image plane to the back of the metas-
urface is 29.5 mm. Secondly, the phase distribution ¢3
for “32” on the back side of the Janus metasurface is ob-
tained from ¢; by considering the propagation phase in
the substrate with fast Fourier transformation (FFT) and
inverse fast Fourier transformation (IFFT). Lastly, the
orientation of the LHWP unit cells on the back side of
the Janus metasurface is obtained by combining ¢, and

@3. The calculated and measured far-field images at the

image plane at different conditions are given in Fig.
5(b-e). The measured optical path is the same as that in
Fig. 4(b). Due to limited size of the CCD, only part of the
images can be captured in the experiment. It can be in-
ferred from Fig. 5(d) and 5(e) that the target images “32”
and “35” can be obtained under RCP and LCP back in-
cidence, respectively. When the incident direction is op-
posite, the far-field images under LCP and RCP incid-
ence are changed to “38” and none as shown in Fig. 4(b)
and 4(c), respectively. It should be mentioned that the
distance from the designed image plane to the metasur-
face for the four cases in Fig. 5 is the same and the target
images can still be well observed with low cross talk.
Therefore, different information can be encoded to the
Janus metasurface depending on the incident spin and
propagation direction. Although the result presented in
Fig. 5(b) exhibits no specific image, it is theoretically
possible to encode arbitrary information in this channel,

which has been demonstrated by other works™¢.
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Conclusion

In fact, from the perspective of geometric optics, the pro-
posed device in Fig. 3 can also be treated as a spin-select-
ive directional metalens. Different from previously re-
ported works with symmetrical and fixed imaging per-
formance?*?, the proposed metasurface doublet has the
capability to adjust the focal distance (as shown in Fig.
3(c) and 3(d)) or achieve dual imaging at two image
planes (as shown in Fig. 3(b)), which may find many ex-
citing applications for chiral sensing and imaging® .
Besides, since the polarization conversion ratios for the
fabricated HHWP and LHWP unit cells may differ from
the simulated results due to the imperfection of fabrica-
tion, we also discuss the influence of such deviation on
the performance of the proposed devices in the Supple-
mentary information.

In summary, we propose a simple yet powerful design
methodology to achieve an all-optical CNOT LG with

metasurface doublet. By ingeniously aligning two metas-
urfaces with different polarization conversion ratios and
phase distributions, multiple input-output performance
can be realized depending on the incident spin state and
direction. Both theoretical and measured results demon-
strate the robustness and broadband nature of the de-
signed device. Furthermore, a CNOT LG-based Janus
metasurface is also characterized and shows that the
asymmetric electromagnetic transmission can be
achieved for orthogonal circularly polarized incidence.
Since the design method is derived from geometric op-
tics, it can be easily extended to other part of the spec-
trum, which will enable more fascinating applications in
optical computing, chiral optics and electromagnetic

communications.

Experimental section

Numerical simulation: Considering the symmetry of the
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structure, to reduce the amount of calculation, the simu-
lated results in Fig. 2 were obtained using the finite ele-
ment method in CST Microwave Studio with unit cell
boundaries in xy directions and open boundary in z dir-
ection. A fine tetrahedral mesh was applied with adapt-
ive mesh refinement to ensure the accuracy of the results.
The magnetic field distributions were calculated by us-
ing the build-in magnetic field monitors in CST Mi-
crowave Studio.

Device fabrication: The schematic diagram of the fab-
rication process is shown in Fig. S8. The proposed
devices were mainly fabricated by ultraviolet lithography
and inductively coupled plasma (ICP) etching processes.
Firstly, a 1 um thick SiO, layer was coated on the back
side of the cleaned double-polished silicon substrate as
the protect layer by plasma enhanced chemical vapor de-
position (PECVD). Then, a 1 um thick positive photores-
ist (AZ5214) was spin-coated onto the front side of the
substrate and prebaked at 110 °C for 1 min, followed by
the ultraviolet lithography and corresponding develop-
ing processes. Next, ICP etching was used to fabricate the
HHWP unit cells on the front side, and the photoresist
was removed after etching. Then, a 6 pm thick SiO, lay-
er was coated on the front side of the substrate to protect
the fabricated unit cells. After etching the protect SiO,
layer on the back side, the same processes were carried
out to fabricate the LHWP unit cells on the back side.
Lastly, the protect SiO, layer on the front side was
etched. The tested alignment accuracy between the
doublet was within 1.5 pm.
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