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For all-optical communication and information processing, it is necessary to develop all-optical logic gates based on
photonic structures that can directly perform logic operations. All-optical logic gates have been demonstrated based on
conventional waveguides and interferometry, as well as photonic crystal structures. Nonetheless, any defects in those struc-
tures will introduce high scattering loss, which compromises the fidelity and contrast ratio of the information process. Based
on the spin-valley locking effect that can achieve defect-immune unidirectional transmission of topological edge states in
valley photonic crystals (VPCs), we propose a high-performance all-optical logic OR gate based on a VPC structure. By
tuning the working bandwidth of the two input channels, we prevent interference between the two channels to achieve a
stable and high-fidelity output. The transmittance of both channels is higher than 0.8, and a high contrast ratio of 28.8 dB
is achieved. Moreover, the chirality of the logic gate originated from the spin-valley locking effect allows using different
circularly polarized light as inputs, representing “1” or “0”, which is highly desired in quantum computing. The device’s
footprint is 18 pm x 12 wm, allowing high-density on-chip integration. In addition, this design can be experimentally fabri-
cated using current nanofabrication techniques and will have potential applications in optical communication, information

processing, and quantum computing.

Keywords: topological photonics, topological edge state, valley photonic crystal, all-optical logic gate

PACS: 42.79.Ta, 42.25.Bs, 42.70.Qs, 78.67.Pt

1. Introduction

Due to the development of augmented reality (AR)/virtual
reality (VR) and big data, the increase in information traffic
demands large bandwidth and reliable information process-
ing. Optical communication and information processing have
the advantages of large bandwidth, fast speed, high energy ef-
ficiency, and low heat generation. An all-optical network!!]
is that the signal always exists in the form of light dur-
ing the propagation and information processing, which over-
comes the “electronic bottleneck™ phenomenon caused by the
previous optical-electrical-optical conversion./?! It is neces-
sary to develop an entire family of different all-optical com-
ponents for all-optical networks, such as waveguides, opti-

[3-8] wavelength division multiplexing (WDM)

cal switches,
devices, optical delay lines, logic gates, and so forth. Cur-
rently, information processing is realized by electrical logic
gates (AOLGs) based on electro-optic conversion all the
time!®1%! due to the limited performance of current AOLG de-
signs that cannot meet the requirements in applications. As
a result, the speed is ultimately limited by the relatively slow
electric logic gates. Therefore, designing high-performance

AOLGs has become a stringent request and is key to realizing
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all-optical information processing.

An ideal logic gate performs operations on Boolean val-
ues, which should dissipate no power and change states in-
stantaneously, similar to a step function. Such gates operate
on discrete logic inputs and should have no propagation delay.
For AOLGs, the propagation delay is neglectable due to the
high speed of light. In addition, power dissipation can be mini-
mized by achieving high transmittance. Furthermore, for pho-
tonic integrated circuit (PIC) operation, AOLGs should have
a miniaturized footprint for high-density integration. In gen-
eral, AOLGs that work with different spin states of photons are
required for quantum computing. Therefore, AOLGs should
have chiral responses to work with spin-up (right-handed cir-
cularly polarized, RCP) and spin-down (left-handed circularly
polarized, LCP) photons.

Many designs of AOLGs based on different working prin-
ciples have been demonstrated, such as semiconductor opti-
cal amplifier (SOA),['=14] periodically poled lithium niobate
(PPLN) waveguide,!'>!6] ring resonators,!'’~1°! and photonic
crystals (PCs).[?*-22 The performance of SOA-based AOLGs
is limited by spontaneous emission noise and high integra-

tion complexity. In comparison, the AOLGs based on semi-
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conductor ring resonators have the advantages of simplicity
and low input power. But the speed is slow. Meanwhile,
the AOLGs based on PPLN waveguides have fast switch-
ing speeds and low spontaneous emission noise. However,
those AOLGs strongly depend on the working temperature
and the incident light’s polarization states, which hinder their
All the AOLGs mentioned above have rela-

tively large footprints, which makes them unsuitable for high-

applications.

density on-chip integration. In comparison, the footprint of
AOLGs can be significantly reduced by using nanostructures,
in which PC structures?*-3?] are the most widely used. Differ-
ent effects and principles of PC structures have been applied
to design AOLGs, such as self-collimation, 133341 multimode
interference, 33! interference waveguides,*”-*3! and nonlin-
ear effects.[3%40 However, all the designs above have rela-
tively low transmittance due to the scattering loss introduced
by structural defects. In addition, none of the AOLG designs,
including all conventional and PC designs, can work with cir-
cularly polarized light (CPL) to maintain the spin states, which
is important for quantum computing. [41-43

The recent development of topological photonic crystals
(TPCs) #4391 allows defect-immune unidirectional transmis-
sion of topological edge states, which opens new possibili-
ties in designing photonic devices. Among different TPC de-
signs, valley photonic crystals (VPCs) can be achieved based
on dielectric materials without an external magnetic field, thus
pushing the working wavelength to the telecommunication and
the visible region. '] Here based on the unique spin-valley
locking effect of VPCs, we design a high-performance inte-
gratable all-optical logic OR gate based on the tunable topo-
logical edge states of VPCs. We tune the working bands of
the two input channels to minimize their interference, achiev-
ing stable and high-fidelity outputs. The spin-valley lock-
ing effect allows robust unidirectional transmission of CPL.
The transmittance of both channels is higher than 0.8, which
meets the requirements of an ideal all-optical logic gate. In
addition, an ultrahigh contrast ratio of 28.8 dB is achieved.
Currently, the contrast ratio of AOLGs based on conven-
tional PC structures is mainly in the range of 10 dB-20 dB.
So our design has a much higher contrast ratio than those
AOLGs in recent references.3”) Furthermore, the chiral re-
sponses of the AOLGs allow using CPL with different hand-
edness as logic inputs (logic “1” or logic “0”), which meets
the requirements of quantum computing.[*!=*31 The footprint
of the entire AOLG device is as small as 18 pm x 12 pum,
allowing high-density on-chip integration. The device can
be manufactured by the mature complementary metal-oxide—
semiconductor (CMOS) nanofabrication technique and will
find broad applications in optical information processing and
quantum computing.

2. Design of the all-optical OR gate
An OR logic gate (symbolized by “||” or “+4”) outputs a

logic “1” if one or both the inputs are logic “1”; otherwise, it
outputs a logic “0”. Here, the logic “1” in an AOLG is defined
as the input or the output having an incident or transmitted op-
tical wave with a transmittance higher than 0.7. And the logic
“0” is determined when the criterion is not met. According to
this definition, an all-optical OR gate based on a VPC struc-
ture is designed and shown in Fig. 1(d). The gate comprises
two mirror-symmetrical VPC structures, consisting of two in-
put waveguides (INA and INB) and two output waveguides
(OUT1 and OUT?2). To minimize the interference between the
two inputs, we tune the working bands of INA (centered at
A1, figures 1(a) and 1(c)) and INB (centered at A,, figures 1(b)
and 1(c)) by adjusting the radii of the lattice at the boundary
(highlighted by different colors in Fig. 1(d)). Meanwhile, the
working band of the output waveguide OUT1 can cover the
two working bands of INA and INB. In contrast, the OUT2 is
designed to have extremely low transmittance in those work-
ing bands to prevent the undesired loss through the waveguide
to maximize the transmittance through OUT1. The schematics
in Fig. 1 show the four possible cases of the AOLG, namely
10=1, 0|l =1, 1||]1 =1, and 0]|0 = 0. The two numbers
on the left side correspond to the inputs from INA and INB,
respectively. The number on the right side shows the output of
OUTI.

Fig. 1. The working diagrams of an all-optical OR logic gate: (a) light
inputs only from INA, as 1|0 = 1; (b) light inputs only from INB, as
0]|1 = 1; (c) light inputs from both INA and INB, as 1||1 = 1; (d) light
inputs from neither INA nor INB, as 0|0 = 0.

The design process started with creating a honeycomb PC
structure (Fig. 2(a)) composed of circular air holes embedded
in a free-standing silicon substrate. The refractive index of sil-
icon is shown in supporting information S1. The thickness of
the free-standing silicon substrate (the dispersive refractive in-
dex of pure silicon is used) is # = 220 nm. The unit cell of
this structure is composed of two sets of air holes (A and B)
with the same radius (ro = rg = 80 nm), which has a Cgy ro-

tational symmetry. The lattice constant is a = 450 nm. Here
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we use commercial three-dimensional (3D) time—domain fi-
nite difference (FDTD) software (Lumerical FDTD Solutions)
to calculate the photonic band structure. The band diagram of
the transverse electric (TE) mode is shown in Fig. 2(c) by the
dashed lines, which show a Dirac point. Then the Cgy symme-
try is reduced to C3 symmetry by simultaneously increasing
ra (to 120 nm) and decreasing rg (to 40 nm) to introduce a

topological photonic bandgap (1410 nm—-1676 nm) due to the

Frequency (a/\)

degeneracy of the K and K’ valleys, indicated by the blue dot
lines in Fig. 2(c). In this way, VPCl is designed (left panel
in Fig. 2(b)), which can be converted to VPC2 (right panel in
Fig. 2(b)) by applying mirror symmetry operation. The val-
ues of the Berry curvature and topologically invariant valley
Chern number Cy corresponding to the two VPCs were calcu-
lated, which are Cy = —1 for VPC1 and Cy = 1 for VPC2,55!
respectively.
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Fig. 2. Structure parameters and photonic band diagrams of PCs. (a) 3D schematics of the honeycomb PC structure; (b) 3D schematics of VPC1
and VPC2; (c) the photonic band diagram of the honeycomb PC (red dot line) and VPCI1 (blue dot line), the blue shaded area marks the bandgap;

the gray region marks the air cone.

3. Tuning of topological edge states

There are two possible types of boundaries, the zigzag-
shape and beard-shape boundaries, which can support topo-
logical edge states. The study of the edge states of the two
boundaries shows that the working bandwidth of the beard-
shape boundary is narrower than the bandgap, which allows
tuning the position of the working bands within the bandgap.
The detail is shown in supporting information S2. In this study,
we choose the beard-shape boundary as required to achieve
different working bands within the bandgap. Depending on the
small or large circles at the boundary, two kinds of beard-shape
boundaries can be constructed: S-interface and L-interface.
Due to the high transmittance of the L-interface, it is chosen
for INA, INB, and OUT1. Figure 3(a) shows the schematic
of a straight waveguide using the L-interface boundary. We
define the radius of the large air holes at the boundary as r.
By tuning the r,, the working band of each waveguide can be
controlled. As shown in Fig. 3(b), the decrease of r. (120 nm,
116 nm, 110 nm) results in a redshift of the working bands due
to the increased effective refractive index of the edge states.

We performed numerical simulations on 11 sets of
straight waveguides using RCP incident light, with r. grad-
ually decreasing from 120 nm to 110 nm at a step of 1 nm.
The transmittance spectra are shown in Fig. 3(c). The tun-
ing aims to separate the working bands of INA and INB to
minimize interference and achieve a stable output. Accord-

ing to the definition of logic “1”, the working band is de-
fined as where the forward transmittance is higher than 0.7
(TF > 0.7). The plot of the working band versus different
radii is shown in Fig. 3(d). The working band is quite sensi-
tive to the radius change, which presents a linear relationship
with re (the slope is 5.792). Therefore, when r, decreases by
1 nm, the central wavelength of the working band increases
by 5.792 nm. We find three r. values meeting our require-
ments, which are . = 120 nm (the working band is 1476 nm—
1512 nm), r. = 116 nm (the working band is 1489.7 nm—
1542 nm), and r. = 110 nm (the working band is 1522 nm—
1582 nm), respectively. As one can see, the working bands in

the cases of 7. = 120 nm and r. = 110 nm can be well sepa-
rated. Meanwhile, the working band in the case of 7. = 116 nm
overlaps with both r. = 120 nm and r. = 110 nm. Therefore,
we use r; = 120 nm for INA and r, = 110 nm for INB, re-
spectively. Meanwhile, 3 = 116 nm is used for OUT1. As a
result, inputs from INA and INB can highly efficiently trans-
mit through OUT1. In addition, to minimize the light leakage
from OUT?2, the air holes at the boundary are removed. Thus,
the transmittance of OUT2 approaches zero in the range of
1450 nm—1530 nm. The detail is shown in supporting infor-
mation S3.

We design Z-shape waveguides with INA or INB com-
bined with OUT]1 to study the transmission properties of dif-
ferent combinations. The schematics of the Z-shape waveg-
uides are shown in Figs. 4(a) and 4(b), respectively. The green
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and red circles in the Z1 and Z2 waveguides (Figs. 4(a) and
4(b)) have r; = 120 nm and r, = 110 nm, respectively. The
purple circles in both waveguides have an r3 = 116 nm. The
transmittance spectra are plotted in Fig. 4(e). Here we choose
two working wavelengths for INA and INB to achieve the
function of an AOLG, which are A; = 1490 nm and A, =

(a) (c)

Q
Q
. =
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1528 nm (marked by the dashed lines in Fig. 4(e)), respec-
tively. Those wavelengths are chosen due to the high transmit-
tance (TF > 0.75). The intensity distributions in the Z-shape
waveguides at the two working wavelengths in Figs. 4(c) and
4(d) show that the light waves are well confined within the

waveguides.
—7,=110 nm —7r,=111 nm — r, =112 nm|
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Fig. 3. (a) A schematic diagram of a straight waveguide based on the L-interface boundary (the big circles in the purple area are the air holes
at the boundary, and the radius is re). (b) Band diagram of the valley-dependent edge states (the green, purple, and red lines correspond to
re = 120 nm, r. = 116 nm, and r. = 110 nm, respectively). (c) Transmittance spectra of straight waveguides with different r.. (d) The plot of

working band versus different re.
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Fig. 4. Z-shape waveguide designs and transmittance. (a) Schematic diagram of Z1 waveguide composed of INA and OUT1. (b) Schematic
diagram of Z2 waveguide composed of INB and OUT1. (c) The electric field intensity distributions in Z1 waveguide at A; = 1490 nm. (d) The

electric field intensity distributions in Z2 waveguide at Ay = 1528 nm.

(e) Transmittance spectra of the two Z-shape waveguides.
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4. Performance analysis of the designed all-
optical OR gate

We then combine the two Z-shape waveguides to form the
all-optical OR gate, shown in Fig. 5(a). The boundary condi-
tions of FDTD are PML in the x—y direction and symmetric
in the z direction. The input light source is RCP, a superpo-
sition of two dipole sources. The transmittance spectra of the
AOLG are shown in Fig. 5(b), in which one can see different
input cases from INA (1]|0), INB (0||1), and INA+INB (1||1).
In all three cases, the output from OUT]I has a transmittance
higher than 0.7 at either A; = 1490 nm or A, = 1528 nm. The
corresponding intensity distributions are plotted in Figs. 5(c)-
5(f). When the light waves at the designed working wave-
lengths are input from INA (Fig. 5(c)) and INB (Fig. 5(d)) sep-
arately, they can highly efficiently transmit through the AOLG.
The transmittances are 0.86 and 0.90 at the wavelengths of
A1 = 1490 nm or A, = 1528 nm, respectively. In compari-
son, due to the well-separated work bands of INA and INB,

10 =1

(a)

INA

OUT2 ;

INB /£

(b) 1.0
Aq Az 1o
o 087 — 11
Q
=] | |
2 061 | i — 01
= : I
g 04 | |
g | !
g 0.2 !
|
0 1 ! .
1450 1550 1650

Wavelength (nm)

when light waves at the two wavelengths are input from both
INA and INB (1||1) (Figs. 5(e) and 5(f)), they do not inter-
fere. Because the light waves at A; = 1490 nm can not trans-
mit through INB. Similarly, the light waves at A, = 1528 nm
have very low transmittance in INA. Here we notice that there
is a small portion of light transmitting from one input to the
other input (for example, from INA to INB at A; = 1490 nm
and from INB to INA at A; = 1528 nm) at the junction of
INA, INB, and OUTI1 (shown in Figs. 5(c) and 5(d)). How-
ever, this effect does not influence the overall performance of
the AOLG, as shown in Table 1.

Table 1. All-optical logic or gate truth table.

INA INB Logic output Transmittance
0 0 0 0
1 0 1 0.86
0 1 1 0.90
1 1 1 0.82

@1490 nm

@1490 nm

@1528 nm @1528 nm

Fig. 5. The designed AOLG and its function. (a) 3D structural diagram of the ALOG gate. (b) Transmittance spectra of the AOLG in three
different cases. Electric field intensity distributions at the wavelength of A; = 1490 nm input from INA alone. (c) (1//0 = 1) and both INA and
INB (e) (1]|1 = 1), respectively. Electric field intensity distributions at the wavelength of A, = 1528 nm input from INB alone. (d) (0||1 = 1) and

both INA and INB. (f) (1]|1 = 1), respectively.

The performance of the AOLG can be further studied by
using the logic gate contrast function, which is defined as

P
R=10log (P(l)) (1)

where Py and Py are the transmittances of the output and the
unexcited input, respectively. Most applications desire a high
contrast ratio, which is challenging based on reported designs.
The contrast ratio curves are shown in Figs. 6(a) and 6(b) for

the inputs from INA and INB, respectively. The wavelength

ranges are decided according to the working bands of INA and
INB. The contrast ratios are 28.8 dB at A; = 1490 nm in INA
and 20.5 dB at Ay = 1528 nm in INB, which are much higher
compared to state-of-the-art AOLGs. [3436-37:40]

To show the advantages of using two well-separated
working bands for the two inputs, we also perform the simu-
lation on the logic gate composed of identical straight waveg-
uides (details in supporting information S4). In this case, the

transmittance in each case is relatively lower compared to the
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separate design. That is due to the light transmitting from one
input (INA or INB) to the other (INB or INA). Because both
INA and INB can support the same edge states. The situa-
tion can be avoided by using different working bands for INA
and INB, as demonstrated in this work. In this way, the for-
ward transmittance of each input can be maximized, which is
essential for any AOLGs for quantum computing since single
photon transmission is necessary. Further, to demonstrate our
design can work with different spin states (LCP or RCP light)
due to the spin-valley locking effect, we perform the simu-
lation on the input with different handedness (details in sup-
porting information S5). Here LCP and RCP light is defined
as logic “1” and “0”, respectively. The output transmittance
(TF > 0.7) is still designated as logic “1”. Due to the spin-
valley locking effect, the LCP and RCP light propagates in
opposite directions, resulting in high and low transmittances
corresponding to the logic “1” and “0” states, respectively. In
this way, the chirality of the logic gate allows using different
spin states as different logic states, which is achieved among
various AOLGs based on PC structures for the first time to the
best of our knowledge.
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Fig. 6. Contrast ratio plots when light is only input from INA (a) and INB (b).

In order to demonstrate the unique defect immune trans-
mission property of the our topological OR gate structures,
we simulate the light transmission in the topological waveg-
uides and the logic gates with defects, which could be intro-
duced by fabrication errors. Here we simulated two types of
defects: (i) Missing air holes in the waveguide (as shown in
Fig. S7(a) in supporting information); (ii) Changing the radius
of air holes (as shown in Fig. S7(b), 10% reduction in radius).
The resulting transmittance spectra are shown in Fig. S7(c),
in which only slight changes in the transmittance spectrum
are observed, confirming the robustness of our design (details
in supporting information S6). This property demonstrates
high feasibility in the experimental realization of the designed

structures.

5. Conclusion and perspectives

We have demonstrated a high-performance AOLG design
based on a VPC structure. By tuning the working bands of the

two inputs, we minimize the interference and cross-coupling
between the inputs to ensure high transmittance output (up
to 0.9) and high contrast ratio (up to 28.8 dB). Moreover,
the chiral response of the logic gate due to the spin-valley
locking effect allows using different spin states as inputs for
quantum computing. The device’s footprint is as small as
18 um x 12 pm, which is suitable for high-density on-chip in-
tegration. In addition, the device is compatible with the CMOS
nanofabrication technique. The design principle can be gener-
ally applied to design other photonic devices based on VPCs

for broad applications.
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