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Symmetries of waveguides determine fundamental properties of photons such as mode profiles, polarisation, and eﬀective refractive indexes as well as practical properties aﬀecting the propagation loss. Here, we review our recent progress on manipulating symmetries of
silicon (Si) photonic waveguides. Starting from the strategic choice of Si-On-Insulator (SOI) wafer specifications, we established the process
technologies to fabricate Si wire and slot waveguides with atomically-flat interfaces, defined by Si (111) planes. These waveguides have
relatively low propagation loss (∼ 1 dB/cm), even though they were fabricated in a university line. By combining patterning and re-growth
of deposited amorphous Si, we also fabricated an Si slot waveguide with a nano-meter-scale vertical oxide layer, which is useful for optical
modulators and various sensing applications. We also fabricated a horizontal slot waveguide using our manually bonded double-SOI substrate. The self-limited alkali-wet-etching allowed us to pattern the bottom SOI layer on top of the top SOI layer, by properly designing the
mask to align along the mirror asymmetric Si (110) surface, allowing to access to top and bottom SOI layers individually through connected
multiple-fin arrays. The patterning technique can be readily applicable to the other platform such as Si/LiNbO3 -hybrid wafers, and we discuss our design of electro-optic (EO) modulator towards zero-power consumptions. We also investigate photonic crystal waveguides with
broken mirror symmetries. By manipulating the mismatch between adjacent photonic crystals across the waveguide made of line defects,
we could continuously control the band gap of the photonic crystals. Moreover, the phase profiles of modes exhibited photonic graphene
and poly-acetylene shapes, made of optical vortices with optical orbital angular momentum (OAM). This shows that the most energetically
favourable configuration of a photonic material under the triangular lattice is topologically equivalent to an organic material. We discuss the
potential for the photonic organic chemistry and possible applications in quantum technologies.

Fundamental properties of an electron and a photon as an
elementary particle. The charge and mass of an electron are e and me ,
respectively, and the velocity is determined by the mobility, µ, and the
electric field, Eel in the drift-diﬀusion regime below the saturation velocity,
vsat . The velocity of a photon is c in the vacuum, and it reduces to v = c/n
in a material with the refractive index of n. A photon has spin 1 degree of
freedom (in the unit of the Dirac constant, ℏ = h/(2π), with the Plank
constant, h), which has potentially three magnetic states, but only two
polarisation states (horizontal/vertical, left/right, or diagonal/anti-diagonal)
can be realised due to the transversality of electro-magnetic waves (with no
longitudinal component). Electrons and photons have both particle and wave
characters, following quantum mechanics.
Table I.

1.

Introduction

Silicon and oxygen are 2 most abundant materials on the surface of the crust of the earth, which would not just a coincidence that these materials play dominant roles for Si-based
electronics and silica (SiO2 )-based fibre optics.1–4) The continuous scaling of feature size of Complementary-Metal-OxideSmiconductor (CMOS) Field-Eﬀect-Transistors (FETs), called
Moore’s law,5) was the guiding principle for almost halfcentury and still the significant eﬀorts are being made to establish the technology node with the smaller feature size. However, the physical scaling down cannot be continued forever
both fundamentally and economically, and only a few global
industries can continue to invest, which led the suspension
of the International Technology Roadmap of Semiconductor
(ITRS).6) In fact, the clock speed of the latest Micro-ProcessorUnit (MPU) is not significantly improved compared with that
of a decade ago, although the overall performance of the MPU
is enhanced with the help of multi-core processing architecture. The end of the scaling, or more precisely, the slow-down
of the scaling does not mean that a new platform technology
with novel device operation principle or new materials can suddenly take over Si CMOS technologies. Nevertheless, CMOS
process technologies can be readily applicable to other devices
such as Micro-Electro-Mechanical Systems (MEMS) and Si
photonics.7–15) In particular, the global market of Si photonics is increasing with the annual growth rate of ∼ 20%16)
due to the increased demands for transceivers of active optical cables in data centres. Si photonics is also promising
∗ E-mail:

Character
Charge [C]
Spin [ℏ]
Mass [kg]
Velocity [cm/s]
Statistics
Coherence
Devices
Applications

Electron
e
1
2

me
µEel
Fermi-Dirac
Only in a superconductor
CMOS, · · ·
Logic, Memory, · · ·

Photon
0
1 (Two polarisation states)
0
c
Bose-Einstein
Ubiquitously available
Lasers, detectors, · · ·
Transmission, Display, · · ·

for Light-Detection-and-Ranging (LIDAR)17, 18) towards autonomous vehicles, biomedial sensing,19, 20) and applications
in quantum technologies.21–25)
The main advantage to use photons instead of electrons is
the absence of the Ohmic dissipation during the propagation
due to the lack of charge of a photon (Table I). The propagation loss in a fibre could be as low as 0.14 dB/km,26) which
allows long-distance communications at high data transmis-
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sion rate.27) Obviously, the conversions from Electrical-toOptical (EO) and inverted Optical-to-Electrical (OE) signals
are required in order to use photons for communications.27)
But, the superb low propagation loss in an optical fibre allows
the sufficient loss budget to compensate the disadvantage of
these conversions. Therefore, photon-based data transmission
has an advantage in a longer distance communication in general.27) The extensive uses of networks for massive data transmissions are pushing this boundary between fibre optics and
copper (Cu) based electronic wiring towards the shorter distance.28) Vertical-Cavity Surface-Emitting Lasers (VCSEL)
and Si photonics7–15) are innovative solutions to revolutionise
optical interconnections to support increasing demands such
as high-definition video-subscriptions and cloud computing
(Fig. 1).
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Challenges for photonic quantum technologies to manipulate
single photon. (a) Line edge roughness reduction for low-loss Si waveguides.
(b) Wafer scale uniformity of active Si layer controlled by thermal oxidation
process. (c) A quantum dot as an artificial atom rather than using random
dopants.
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Optical interconnections for long-distance and short-reach
applications. III-V materials and LiNbO3 are dominated for long-distance
optical communications, for which the performance is more important than
the power consumption. Si photonics is useful for short-reach
communications for data centres. For example, C-form-factor pluggable
100-Gigabit-ethernet (CFP100GE) in multi-source agreement (MSA) at the
1310-nm wavelength would be useful. Even for shorter distance applications
like intra-board, chip-to-chip, and intra-chip applications for the future, there
is no standard nor MSA at this moment, such that alternative wavelengths
like 1550nm might be used. The demands for the low power consumption
and low cost would be more stringent for shorter distance applications,
because the real competitors for optical interconnections are simple copper
wirings.
Fig. 1.
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Nanoscale LEGO®-like building blocks of Si defined by (111)
surfaces. (a) Building blocks defined by slanted interfaces using a (100)
Silicon-On-Insulator (SOI) substrate. (b) Building blocks defined by vertical
sidewall using a (110) SOI substrate.

Fig. 3.

Here, we describe our ideas to rely on symmetries1–3, 33–37)
of Si in order to reduce the propagation loss38–40) and to apply
for optical modulators41–44) and quantum technologies.45–48)
These days, single crystalline Si wafers with high purity grades
exceeding 99.999999999% (eleven 9) are widely available,
and we thought it is useful to align nearly perfect crystalline
structure to reduce the LER, which was ultimately determined
by the size of a resist molecule.49) It is well known that the
anisotropic wet etching is self-limited after defining Si (111)
surfaces.38, 50) The idea, here, is to chose a bespoke crystallographic orientation (Fig. 3) to allow the vertical sidewall
suitable for various applications.38–48) Available features of
wet-etched structures are limited due to the definition of the
crystal surfaces, however, by combining these building blocks
and the conventional dry-etched structures with arbitrary curvatures, we can construct various functional devices. Therefore, our idea is similar to LEGO® blocks for nano-scale
building blocks. We reported that the propagation loss of Si
wire waveguide was ∼ 1 dB/cm, which was remarkably lower
than the controlled dry-etched sample in our university line,38)
leading to the developments of novel slot waveguides and optical modulators.

The record-low propagation loss of 0.4 dB/cm in a Si wire
waveguide was achieved by using an advanced fabrication line
for 300mm wafer scale.29) The loss value of ∼ 1 dB/cm in a Si
photonic single-mode waveguide is routinely achievable in a
commercial line,30) which is low enough for transceiver applications. However, this value is orders of magnitude higher than
that of an optical fibre, ∼ 1 dB/(10km), such that the loss could
be even lower by reducing the scattering sources. For future
applications in quantum technologies,21–25) for example, the
ultimate requirement is to generate, transmit, and manipulate
single photon towards entanglements31, 32) and complicated
quantum operations. Then, we cannot tolerate any Line-EdgeRoughness (LER), non-uniformity, or random dopants (Fig. 2)
to prevent any loss of entangled photon. In order to achieve this
goal, unprecedented levels of process controls are required,
which will also useful for the more practical applications in
transceiver and sensors.
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Variations of Si wire waveguides designs for wet-etching (orange)
and dry-etching (blue) on (110) SOI wafers. (a) Wire waveguide with the Si
(111) sidewall. (b) Wire waveguides along < 112 > and < 112 >. (c) Slot
waveguide. (d) Coupler to a slot waveguides. (e) Coupler to straight
waveguides with different propagation directions. (f) Dry-etched fin
waveguide. (g) Dry-etched sub-wavelenth array waveguide with fins. (i)
Wet-etched fin waveguide. (j) Wet-etched sub-wavelenth array waveguide
with fins. (k) Dry-etched Multi-Mode-Interference (MMI) splitter. (l)
Wet-etched MMI splitter. (m) Wet-etched Y-splitter.

We have asked to a global wafer supplier to fabricate bespoke
SOI wafers for our Si photonic waveguides (Fig. 4). If we use
a standard SOI wafer with the top SOI layer of Si (001), the
slanted surface was expected after alkali-wet etching (Fig. 4
(a)). The angle θ of the surface of (111)
from the horizontal

√ 
−1
(0, 0, 1) · (1, 1, 1)/ 3 =
surface is calculated to be θ = cos
√
cos−1 (1/ 3) ≈ 54.7◦ .38, 50) On the other hand, the bespoke
SOI wafer with the Si (110) top surface38, 50) could be patterned
vertically to form Si (111) surfaces (Fig. 4 (b)), because the
inner product is zero, (1, −1, 0)·(1, 1, 1) = 0, where (1, 1, 0) and
(1, −1, 0) are equivalent in Si due to the cubic symmetry of a
diamond structure.3) In order to fabricate the vertical sidewall
of Si (111), it is important to align the trench along < 112 >
direction, for which we expect the interface is normal to the
substrate, as confirmed by (1, 1, −2) · (1, −1, 0) = 0. Therefore,
the propagation direction of the Si wire waveguide with the Si
(111) wall should be aligned to < 112 >.38)
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Silicon-On-Insulator wafer specifications
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Fig. 5.

Symmetries of crystals for Si photonic waveguides
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The outline of this paper is as follows. In the next section
2, we explain our SOI wafer specifications and the fabrication
process. The waveguide characteristics are also reviewed. In
the section 3, we discuss applications of our slot waveguides in
optical modulators. In the section 4, we also discuss our new
theoretical design of Si/LiNbO3 hybrid optical modulators in
some detail, because this modulator can potentially achieve
almost zero power consumption due to the removal of 50-Ω
termination. In the section 5, we show the photonic crystal
waveguides with broken symmetries, and the possibility of
photonic organic chemistry is discussed. In the section 6, we
conclude and discuss about the future outlook.
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Novel Si photonic waveguides fabricated in our platform.
Schematic structures of (a) a wire waveguide, (b) a vertical slot waveguide,
(c) a fin waveguide with a horizontal slot, and (d) a strained Ge microdisk
with a grating gear. The corresponding Scanning-Electron-Microscope
(SEM) images are shown in (e)-(h), and the simulated mode profiles are
shown in (i)-(l), respectively.

Fig. 6.
/0012

71118

70018
3456%

/1112

/:2
!"#$%&'%(#)*
+,&*,&)-#".
+,&*,&)-#".
/1102

71108
/1112

/;2

90%
71118

2.2

!"#$%&'%(#)*
+,&*,&)-#".
+,&*

Novel Si photonic waveguides

By using our platform by using anisotropic wet-etching of Si
(110) SOI wafers, we fabricated various structures, as shown
in Fig. 6.38–48, 51–55) The most standard waveguide is a simple
wire waveguide (Figs. 6 (a), (e) and (i)). The original thickness
of the SOI layer was 340nm, and it was thinned down to 300nm
by thermal oxidation to make a hard mask of SiO2 . As an
alkali-solution, we used Tetra-Methyl-Ammonium-Hydroxide
(TMAH),38) which is known as a developer of a resist, rather
than KOH to prevent alkali-metal contaminations, which is
detrimental for an optical modulator due to the high diffusion
constant.1) We have applied more than 1500 % worth for over
etching, which corresponds to etch 300nm × 16 = 4.8µm of
Si along the < 110 > direction. Nevertheless, the observed
side etch was less than 30 nm (as vaguely seen as a hat shape
of the SiO2 hard mask in Fig. 6 (e)), which corresponds to an
excellent selectivity, exceeding 150:1 between (110) and (111)
surfaces.38) We could increase the selectivity, if required, by

Silicon-On-Insulator (SOI) substrates. The oxide hard mask
(shown in green) was used for alkali wet-etching. The cross sections along
the dotted lines show atomically-flat Si (111) interfaces (red) on top of the
buried oxide (BOX, orange). (a) Standard SOI wafer with Si (001) layer. (b)
Bespoke SOI wafer with Si (110) layer. The flat is aligned along the < 111 >
direction for 6-inch wafers. The notch is aligned along the < 112 > direction
for 8-inch wafers. The alkali wet-etched Si (111) surface is perpendicular to
the substrate.

Fig. 4.

There exists 2 different directions to allow fabrication of Si wire waveguides with Si (111) sidewalls, i.e.,
< 112 > and < 112 >, whose angle in-between is
cos−1 ((1, 1, −2) · (−1, −1, −2)/6) = cos−1 (1/3) ≈ 70.5◦ (Fig.
5). Regardless of the limited number of building blocks (Fig. 3)
by wet-etching, we can consider a lot of variations of designs
(Fig. 5).
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Table II. Comparisons of various efforts to reduce the propagation loss of
the Si photonic slot waveguides. F is the confinement factor of the slot
modes.

Structure

TiO2 coated

Slab loaded

Asymmetric

Wet-etched

21.6 %
7.0 dB/cm
[56]

8.2 %
6.5 dB/cm
[57]

6.4 %
2.0 dB/cm
[58]

21.6 %
3.7 dB/cm
[39]

technique. In order to achieve it, we have dry-etched 2 SOI
layers and oxidised to remove the damaged sidewalls. After removing the oxide sacrificial layer, we have applied anisotropic
TMAH etching. This enabled us to make self-limited asymmetric features between bottom and top SOI layers (Figs. 6(c)
and (g)). The left side of multi-fin arrays of Fig. 6 (g) are made
of the top SOI layer, which is freestanding in air, because the
fins in the bottom SOI layer are not aligned to have stable Si
(111) sidewalls. On the other hand, the fins on the right side in
the top SOI layer do not have stable Si (111), such that it was
wet-etched completely, leaving only the fin arrays in the left
SOI layer (Fig. 6 (g)). Consequently, the left fins in the bottom
SOI layer is free from the possible capacitive coupling to the
bottom SOI layer, which is important for MOS-type modulator
applications.43) The central waveguide is always stable during
the wet-etching, protected by Si (111) sidewalls. This process
enabled us to fabricate asymmetric fin waveguide through just
1 lithography step, which enables us to access electrically to
the top and bottom SOI layers, separately through fin arrays.
We have also fabricated a germanium (Ge) microdisk with
a grating gear53) (Figs. 6 (d), (h), and (l)), which is a vertically light-emitting device towards the monolithic integration
of light sources on Si photonic platform.51, 52, 54, 55, 59–83) Ge
is an indirect band-gap semiconductor, but a lot efforts are
being made to convert it to a direct band-gap semiconductor
by tensile-strain-engineering.4, 61, 82–84) The TMAH etching is
useful to make a suspended bridge structure, because TMAH
do not etch Ge at all regardless of the etching of Si of the
order of 100 µm.54, 55, 64–68) In the structure of Fig. 6 (h), the
tensile strain was accumulated at the edge of the micro-disk,
where the Whispering-Gallery Mode (WGM) is formed.53) In
order to extract vertically, a grating made of the micro-gears
was integrated, and the optical mode with orbital-angularmomentum85–93) was observed (Fig. 6 (l)).53)

Mode
F
Loss
Reference

changing temperature and adding surfactant.
The propagation losses of the wet-etched waveguides
were 0.85dB/cm and 1.08dB/cm for Transverse-Electric (TE)
modes and Transverse-Magnetic (TM) modes, respectively,
while the corresponding dry-etched ones were 4.70 dB/cm
and 1.67 dB/cm.38) The improvement was especially significant for the TE mode, because the scattering due to LER was
more prominent for the TE mode due to the enhanced electric
fields at the vertical sidewall.
The successful reduction of the propagation loss in a wire
waveguide encouraged us to fabricate more complicated structures including a slot waveguide (Figs. 6 (b), (f) and (j)).38)
In a slot mode, the light is confined in air between adjacent
sidewalls (Fig. 6 (f)). Due to the sub-wavelength nature of the
narrow slot region, the electric field intensity is significantly
enhanced, suitable for applications in gas sensing and biomedial molecular sensors. However, strong scatterings due to
LER are expected due to increased field intensity at the interface, therefore the high propagation loss is usually observed
in a slot waveguide with a typical value of ∼ 10 dB/cm after
dry etching.38) In order to reduce the propagation loss towards the practical sensing applications, a lot of efforts are
being made, e.g., TiO2 coating by Atomic-Layer-ChemicalVapour-Deposition (ALCVD),56) insertion of the slab layer,57)
and asymmetric design architecture58) (Table II). These ideas
were all effective compared with as-dry-etched slot waveguides. However, some of ideas56, 57) have trade-off between the
optical confinement factor, F, and the reduction of propagation
loss. On the other hand, we could maximise the confinement,
while the loss was sufficiently reduced.39) The minimum slot
width, we could realise was 100 nm. Below the gap width of
100 nm, TMAH solution did not etch sufficiently. For waveguides with arbitrary narrower slot of the order of a few nm
(potentially down to 1nm), we established more complicated
process for modulator applications,41, 42) which we describe in
the next section.
Please note that the mirror symmetry, in other words, the
parity symmetry is broken in the SOI with Si (110) surface,
as confirmed by Fig. 5 (i), which is asymmetric against the
flip-flop exchange between left and right fin arrays. This asymmetry was useful to allow novel patterning of a double SOI
bonded wafer43) to pattern the bottom layer from the top, as
shown in Figs. 6 (c), (g), and (k). First, we have manually
bonded two (110) SOI wafers with ∼ 10-nm-thick thermal oxide face-to-face without any patterning.43) In wafer bonding, it
is important to avoid any particle contaminations, which prevents sufficient adhesion between layers, such that it was ideal
to bond before patterning. Then, the challenge was to pattern
the bottom SOI layer from the standard top-down lithography

3.
3.1

Si photonic modulator with a slot waveguide
Requirement for optical interconnection

Before introducing our Si phtonic modulator, we would like
to briefly review the requirement for optical interconnection.28, 94, 108) There are many types of optical modulators
based on various mechanisms to change the optical output.108)
Due to the absence of the Electro-Optic (EO) effect in Si,
we must rely on other effects. The current industrial standard
procedure is to rely on the plasma-dispersion effect, which
is coming from the change of the absorption coefficient and
subsequent change in the effective refractive index due to
Kramers-Kronig relationship, derived from causality.1, 3, 7, 8)
The Mach-Zehnder Interferometer (MZI) is usually employed
together with carrier injection structures such as a MOS capacitor,42, 98, 100) a pn-junction diode,96, 97) and a pin-junction
diode.99) Alternatively, the Electro-Absorption (EA) effects
such as Quantum-Confined Stark Effect (QCSE)101, 102, 104)
and Franz-Keldysh Effect (FKE)103, 105) are also used by integrating Ge Quantum-Well (QW) or epitaxially grown bulk.
These EA modulators are expected to be promising for next
generations. Alternatively, the resonant cavity structures such
as a disk106) and a ring107) are used, which are showing outstanding low power consumption, although the narrow wavelength range forces to use a temperature controller for heating
and cooling. Some of these optical modulators are summarised
4
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Table III. Comparisons of various Si photonic modulators. We have picked up just typical examples to estimate the energy per bit, required for the data
transmission, and we have not aimed to pick up the best modulators, such that this should not be considered as a full benchmark, which is beyond the scope of
this paper. We apologise that we could not include most recent state-of-the-art optical modulators, because the aim of these comparisons is to emphasise the
importance to take photo-absorption and coupling eﬃciency into account for the evaluation of the required energy per bit for data transmission. We assumed
that the output optical power of 1mW is required for the power budget, and we estimated our best eﬀort basis from the published information. It is important
to take the insertion loss to modulators, and the additional power consumption is expected for Electro-Absorption (EA) modulator due to the photocurrent
dissipation. Optical absorption and photocurrent dissipation multiplier for the high (low) state are defined as ηhigh (ηlow ) and µhigh (µlow ), respectively,
following the definition of Miller.94) The launch eﬃciency, β, is estimated from the loss as, β = |ηhigh − ηlow |/(2 + ηhigh µhigh + ηlow µlow ), and the energy
magnification factor is 1/β.94) The power consumption of the temperature control was not included in this estimate. MZI, QCSE, and FKE mean
Mach-Zehnder Interferometer, Quantum-Confined Stark Eﬀect, and Franz-Keldysh Eﬀect, respectively. MOS, pn, and pin stand for a
Metal-Oxide-Semiconductor capacitive structure, a pn-junction diode, and a pin-junction diode. SOI, VS, poly-Si, and QW mean Silicon-On-Insulator,
Virtual-Substrate (thick Si1−x Ge x layer with graded index, x to relax strain95) ), and Quantum-Well. Vpp is the peak-to-peak voltage under the AC operation.
Vπ is the voltage required to change the phase shift of π.

Mechanism
Carrier control
Waveguide
Substrate
Active material
Active length [µm]
Data transmission [Gbps]
3-db band width [GHz]
DC bias [V]
Vpp [V]
DC extinction ratio [dB]
AC extinction ratio [dB]
Insertion loss [dB]
DC power [mW]
AC power [mW]
Vπ L [V·cm]
Absorption, ηhigh
Absorption, ηlow
Photocurrent, µhigh
Photocurrent, µlow
Launch eﬃciency, β
1/β
Useful output [mW]
Laser input [mW]
Modulator input [mW]
Photocurrent [mW]
Modulator power [mW]
Power (inc. laser) [mW]
AC energy [fJ/bit]
Modulator energy [fJ/bit]
Energy (inc. laser) [fJ/bit]
Temperature control
Pre-emphasis used
Wavelength range [nm]
Reference

MZI
MOS
Slot
SOI
Si
500
25
3.0
6.0
19
3.7
5.5
0
89
1.53
0.57
0
0
0
0.28
3.5
1.0
12.5
3.5
0
89.0
101.5
3,560
3,560
4,059
No
No
>200
[42]

MZI
pn
Ridge
SOI
Si
1,350
40
6.0
8
6.5
15
0
720
11
0.78
0
0
0
0.39
2.6
1.0
81.5
2.6
0
720.0
801.5
4,500
4,500
20,037
No
No
>200
[96]

MZI
pn
Ridge
SOI
Si
3,500
50
5.0
6.5
10.0
15
0
845
2.3
0.90
0
0
0
0.45
2.2
1.0
70.3
2.2
0
845.0
915.3
4,225
4,225
18,305
No
No
>200
[97]

MZI
MOS
Poly-Si/Si
SOI
Poly-Si/Si
480
20
1.2
0
90
0.13
0
0
1.0
4,500
4,500
No
No
>200
[98]

MZI
pin
Wire/Fin
SOI
Si
250
12.5
0.81
2.3
23
8.0
2.4
0.87
11.3
0.29
0.84
0
0
0
0.42
2.4
1.0
4.1
2.4
0
12.2
16.3
226
226
1,304
No
Yes
>200
[99]

5

MZI
MOS
Poly-Si/Si
SOI
Poly-Si/Si
200
15
0
1.5
5
3.6
2.2
0
7.1
0.3
0.56
0
0
0
0.28
3.5
1.0
5.9
3.5
0
7.1
12.9
470
470
863
No
No
>200
[100]

QCSE
pin
Ridge
VS/SOI
Ge QW
10
7
4.0
1.0
3.0
15
0
0.0053
0.62
0.24
5.9
4.7
0.06
17.9
1.0
166.4
5.3
12.6
12.6
179.0
0.75
1,800
25,577
No
22
[101, 102]

FKE
pin
Ge
SOI
Ge
55
28
40.7
1.4
2.8
6
5.9
5.0
2.2
1.7
0.92
0.68
3.5
0
0.05
21.8
1.0
26.4
8.3
13.4
15.1
41.5
61
540
1,481
Yes
No
35
[103]

QCSE
pin
SiGe
VS
Ge QW
90
23
3.5
1.0
10
3.0
3.0
1.6
2.5
0.87
0.74
5.81
4.65
0.01
80.8
1.0
30.7
15.4
65.4
67.9
98.6
108
2,951
4,285
No
21
[104]

FKE
pin
Ge
SOI
Ge
50
4.0
3.0
8
3.7
0
0.03
0.91
0.41
8.8
5.0
0.04
24
1.0
9.4
4.0
20.0
20.1
29.4
25
16,713
24,527
No
14
[105]

Disk
pn
Wire
SOI
Si
4
12.5
15
0
2.0
3.2
1.0
0
0.038
0.52
0
0
0
0.26
3.8
1.0
4.8
3.8
0
0.038
4.9
3
3
390
Yes
No
0.1
[106]

Ring
pin
Wire
SOI
Si
1
12.5
0
8.0
16
9.0
1.0
0
4.2
0.87
0
0
0
0.44
2.3
1.0
2.9
2.3
0
4.2
7.0
80
332
564
Yes
Yes
0.1
[107]
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in Table III.
Ultimately, the overall performance of optical modulators
are determined by the total power consumption for the data
transmission.28, 94) Here, it is important to consider various
factors, which are not properly included for the evaluation
of required energy per bit.28, 94) The most obvious factor is
the coupling efficiency to a modulator from a fibre. As we
briefly discussed in the introduction, the true competitor of
the optical interconnection to introduce is just a copper wiring,
and the advantage to compensate the power consumption for
EO/OE conversions were the use of the fibre. If the coupling
efficiency is not high enough, we cannot introduce optical interconnection.28) In that sense, VECSEL109, 110) is still very
strong alternative solution, because of the high coupling efficiency vertically coupled to a fibre.
Another important factor is to take the additional energy
consumption due to the photocurrent dissipation28) into account for EA modulators.28) The absorbed photons are converted to photocurrents and Ohmic dissipation is expected
under the application of a finite voltage. We have evaluated
energy per bit for several modulators following the proposed
procedure by Miller,94) as shown in Table III. In this evaluation, the output optical power of 1mW is assumed. The
conventional measure of the power consumption of an optical modulator is AC energy per bit, which is solely coming
from the capacitive charging/dis-charging and/or Ohmic dissipation due to carrier injections/depletions. In AC energy per
bit, EA modulators and disk/ring modulators are far superior
to the more standard MZI modulators. Then, why industries
are not introducing these modulators? One of the reason is
the missing energy consumption, which is not included in the
standard estimation. If we include the photocurrent dissipation
for power consumption, which depends on the input power, the
energy per bit of an EA modulator is significantly increased.
In the evaluation of Table III, the input power is estimated to
realise the assumed output power of 1mW. If the output power
is larger, the required energy per bit is increased for an EA
modulator, while such an increase is not expected for a MZI
modulator. Furthermore, if we include the power consumption of a laser, the total energy per bit is increased further. In
our estimation, we have not included the additional power consumption for temperature control. Therefore, a MZI modulator
is the most energy efficient solution at this moment. Of course,
EA and disk/ring-based modulators could be improved, if we
could solve these challenges. For the photocurrents, it was
proposed to re-use the absorbed power94) like a solar cell, and
then the overall power consumption would be reduced.
3.2

vertically stacked MOS structures using polycrystalline (poly) Si98, 100) similar to the CMOS gate stack. In order to reduce
coupling and propagation losses, it would be ideal to replace
the poly-Si layer to be a single crystal Si.41–43) It was also
important to reduce the step difference between a standard Si
wire/ridge waveguide and a phase shifter suitable for a planar
integration. Our challenge was to make an arbitrary narrow
oxide-slot feature applicable to MOS-type modulators. As we
have explained above, the straightforward fabrication of a slot
waveguide is limited to the practical air gap down to 100 nm
to allow the TMAH solution to penetrate. Moreover, it is not
easy to fill in the air gap uniformly by an oxide, because the
volume expansion of the factor of 2 is expected if we oxidise Si
to form SiO2 . The coating of Spin-On-Glass (SOG) would be
an alternative way, but the quality of SOG would not suitable
for active MOS-based device, for which the high quality oxide
is inevitable, even after the thermal annealing.
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Si photonic modulator with a horizontal MOS structure. (a)
Cross-sectional view. (b) Bird’s view. (c) Scanning-Electron-Microscope
image. (d) Open eye diagram for 25 Gbps data transmission with the
Extinction-Ratio (ER) of 3.65 dB.

Fig. 7.

The idea is to follow the development of CMOS electronics.
These days, the most of advanced CMOS is based on FinFETs,
in which a vertical sidewall of dry-etched interface of Si is used
as a channel for CMOS FETs.111) We cannot tolerate LER of
dry-etched interface, such that we have applied anisotropic
wet-etching after the dry-etching.41, 42) Subsequently, we have
deposited amorphous Si with a connection of the remaining
SOI layer as a seed to re-growth the crystal Si after annealing.
The Chemical-Mechanical-Polishing (CMP) process was also
employed to planarise the surface. This enabled us to fabricate
a vertical slot waveguide with the oxide thickness of the order
of 10 nm,41, 42) and the scaling down to 1 nm is possible as
already realised in FinFETs.111)
The performance of our Si MOS-type modulator with a vertical slot waveguide is summarised in the first column of Table
III. We confirmed an open eye diagram at the data transmission of 25 Gbps with the Extinction Ratio (ER) of 3.65 dB. We
used the 14-nm-thick thermal oxide, because the uniformity of
our furnace is not good enough to make extremely-thin thermal oxide. Consequently, we needed to apply the relatively
large peak-to-peak voltage Vpp of 6V, and the energy per bit is
still one order of magnitude compared with the state-of-theart.98–100) Nevertheless, it will be straightforward to scale the
oxide thickness down to 2 nm even without introducing high-k
gate stacks2) in an industrial fabrication line.

Horizontal Metal-Oxide-Semiconductor (MOS)-type
optical modulator

We think that a MOS-based optical modulator is a promising device as a near-term solution for an optical interconnection,42, 98, 100) because carriers are blocked at the oxide interface to prevent current flowing. The evolution
from depletion/injection-type modulators using pn-junction
to MOS-type modulators in Si photonics is reminiscent of the
bipolar-to-CMOS evolution in the history of electronics.1, 2)
For both electronics and photonics, the continuous demands
of reducing the power consumption to manipulates bits are
important towards the sustainable developments.
Previous MOS-based Si photonic modulators were based on
6
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x

4.

Si/LiNbO3 hybrid modulators towards zero power
consumption

y

Conventional LiNbO3 optical modulators employ a large
electro-optic (EO) eﬀect of LiNbO3 27) (without using carrier
injection like that in Si photonic modulators8, 108) ), enabling
high-speed operation at 100 Gbit/s and above. The optical-loss
is also low, because of no free-carrier absorption. In addition,
they have long-term operational reliability, particularly against
heat in comparison with modulators using such organic materials as organic polymers.112, 113) But the drawback is that
small LiNbO3 modulators are not easily fabricated because
of diﬃculty in LiNbO3 -microstructure patterning, for example, by dry-etching114) (except for thin LiNbO3 -film patterning115) ). Thus the LiNbO3 modulators have a large feature size
as large as a few microns in waveguide cross-section size, a
few centimeters in length, large power consumption due to
transmission-line design with a 50-Ω load, and poor integration with other devices such as Si devices on Si chips.
On the other hand, Si photonic modulators are going to be
used as laser modulators for short-reach transceivers in data
centers116) in place of the LiNbO3 modulators (that are still
dominant in long-distance optical communications, Fig. 1).
Although the Si modulators have advantages of availability
of low-cost foundry fabrication processes, of integration capability with various Si photonic devices, and of low-power
consumption, they have disadvantages of limited operation
speed (typically up to 40-50 Gbit/s), because of useless EO
eﬀect due to crystal centrosymmetry.
In this section, combining large-EO-eﬀect LiNbO3 with a
compact Si slot waveguide44, 117) (thus forming a Si/LiNbO3 hybrid EO modulator, as illustrated in Fig. 8), we review our
theoretical designs of hybrid modulators,44) which have a small
driving voltage and a short device length simultaneously with
the help of a very large electric field generated in the slot
waveguide.
A recently-developed Si/LiNbO3 -hybrid EO modulator
with a standard Si waveguide having metal electrodes118) provided very good performances of modulation speed > 100
Gbit/s and Vπ L = 2.2 V·cm, where Vπ is the half-wave voltage
and L is the device length; our Si/LiNbO3 -hybrid modulator
using the doped slot waveguide shows that Vπ L is further reduced by a factor of ∼ 1/50 compared with that modulator;
the details will be described below.
In the next subsection (4.1), we show the methods of fabricating our proposed modulator, and describe its function. In
4.2, we provide our simulation results, and discuss field characteristics realised in the modulator. In 4.3, we present an application of the proposed modulators to high-performance datatransmission modulation (e.g., quadrature amplitude modulation). The summary of Si/LiNbO3 -hybrid EO modulator is
given in 4.4.

z

4.1

Si/LiNbO3 -hybrid electro-optic modulator. The slot waveguide
made of doped-Si is sandwiched between LiNbO3 and SiO2 layers in the
vertical (x) direction. The slot waveguide is connected to doped-Si side
layers through doped-Si fin-type bridges, where metal electrodes touch the
doped-Si side layers.
Fig. 8.

leaks to the LiNbO3 layer with a very small optical loss of
0.03 dB/cm,119) which can decrease the big loss of 2.5 cm−1
in the doped-Si layer.

Doped
Si layer

Slot
waveguide Bridge

SiO2

SiO2

Si

Si

(a)

(b)

LiNbO3

LiNbO3

SiO2

SiO2
Si

Si
Metal electrodes

(c)

(d)

Fabrication processes of the Si/LiNbO3 -hybrid EO modulator. (a)
SOI wafer with the top Si layer p-doped. (b) Fabrication of a slot waveguide,
fin-type bridges, and side layers at the top Si layer. (c) Direct wafer bonding
of LiNbO3 on the patterned Si layer. (d) Formation of metal electrodes
through the SiO2 and Si layers.
Fig. 9.

Device fabrication and function

In the horizontal (z) direction, the slot waveguide is connected to doped-Si side layers through doped-Si fin-type
bridges; these side layers and fins are simultaneously produced
with the slot-waveguide fabrication. These structures are easily fabricated by highly-developed Si-foundry processes. As
shown below, since a high electric field on the order of 107
V/m is present at the slot gap, surface oxidization of the slot
waveguide (in an O2 atmosphere at a high temperature) is necessary, which is eﬀective in preventing electric breakdown;

After preparation of a SOI wafer with the top Si layer p-doped
with B or Ga (see Fig. 9(a)), the slot waveguide is fabricated
by dry-etching the top Si layer (see Fig. 9(b)), where doping
realises a hole density of ∼ 1018 cm−3 . Due to this doping,
the fabricated slot waveguide works as electrodes that apply
high voltage to a LiNbO3 layer bonded on the slot waveguide.
Note that the hole density is comparable to that in Si photonic
modulators but that in our modulator, a large portion of light
7
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LiNbO3

only a few-nm-deep oxidization works well because of its very
high breakdown-resistant field ∼ 109 V/m (for < 10-nm-thick
SiO2 layer).120, 121)
An ’x-cut’ LiNbO3 wafer (that has the largest EO coeﬃcient
r33 in the z-direction for TE beams) is bonded to the patterned
doped-Si layer containing the slot waveguide, fins, and side
layers by direct wafer-bonding122) (see Fig. 9(c)). After protection of the topmost LiNbO3 surface (of the LiNbO3 /Si/SiO2 /Si
wafer) with a photoresist, the lower Si substrate is thinned
with a solvent and with polishing so that metal electrodes can
easily penetrate the SiO2 and Si layers. Metal electrodes are
then formed, which touch the doped-Si side layers through
holes made with a mask designed for this utilizing a bothsided mask aligner (see Fig. 9(d)). By the above procedures,
diﬃcult microstructure-patterning of LiNbO3 can be avoided
perfectly.
If the height of the slot waveguide is reduced (e.g., < 300
nm) to be small enough for confined light to leak but not
’radiate’ to the LiNbO3 layer, the EO eﬀect of LiNbO3 can
be used eﬀectively; such a leaky mode to the LiNbO3 layer is
known as an evanescent mode123) that is actually localized near
the Si/LiNbO3 interface, which has a small mode field utilizing
confinement eﬀect with the Si slot waveguide. Furthermore,
since the doped-Si slot waveguide works as electrodes with
close tips, a high electric field is generated between them and
goes to the LiNbO3 layer.
The above modulator structure makes it possible to downsize a few-centimeter-long LiNbO3 modulator with a core size
of r = 3 - 10 µm to a 0.4-mm-long modulator with r < 1 µm;
this also achieves low-power consumption because of allowing
use of lumped-constant circuits in place of transmission-line
electrodes with 50 Ω. In addition, we will show that reducing
the driving voltage to < 1 V (i.e., CMOS-driver-operational
voltage) is achieved by this downsizing, as will be shown below.
In 4.2, we show that the proposed modulator can much
reduce Vπ L of the conventional LiNbO3 modulator (Vπ L ≈ 10
V·cm124) ) or that of the recently-advanced hybrid modulator
(Vπ L ≈ 2.2 V·cm118) ); the details of optical and electric fields
to obtain the small Vπ L are also shown in the next section.

h

Y

Y

LiNbO3

p-Si

Y

LiNbO3
p-Si

d
SiO2

SiO2

(a)

(b)

p-Si

(c)

Optical field Φ(x, z) of the doped-Si slot waveguide and LiNbO3
at an input wavelength of 1550 nm with TE modes for diﬀerent slot heights:
(a) h = 400 nm, (b) h = 200 nm, (c) h = 140 nm, where the waveguide
width d is 300 nm and the slot gap-size s is 50 nm. The colors (blue, yellow,
red) of the field strength represent 0, 80, 140 V/m, respectively.
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Fig. 10.
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Slot waveguide height h (nm)
Slot height (h) dependence of the confinement rate Γ of the
optical evanescent mode field in LiNbO3 , indicated by the blue curve. The
inset, indicated by the red curve, shows the eﬀective mode index for the
optical mode field, where 2.21 is the refractive index of LiNbO3 at 1.55 µm
for the TE modes. The green zone indicates that the modes are all radiative.
Fig. 11.

whole mode field area integration and the numerator is the
mode field area integration in LiNbO3 . Γ at h = 200 nm is
68%. The inset of Fig. 11 depicts the eﬀective mode index
for the optical mode field, where the eﬀective index (2.24) at
h = 200 nm for 1.55 µm is still 1.35-% higher than the pristine
LiNbO3 refractive index (2.21); thus the optical confinement
for waveguiding is maintained.

Simulation results and discussion

Confinement rate Γ (%)

Figure 10 shows the slot height (h) dependence of optical
evanescent mode field Φ(x, z) at the slot waveguide (sandwiched between LiNbO3 and SiO2 ) of d = 300 nm and s = 50
nm. Those fields were obtained via full-vectorial eigenmode
analysis,125) where the fins in Fig. 8 were replaced with a low
refractive-index uniform medium because, if the period of the
fins is larger than the input-wavelength size, the fins give almost no influence on the evanescent mode. Here, the device
temperature was set at room temperature.126–128)
As the slot height h decreases, as displayed from Figs. 10
(a)-(c), the mode Φ(x, z) turns to a perfect radiation mode to
LiNbO3 , particularly at h ≤ 140 nm; thus we take h = 200
nm for no leaky operations (for 1.55 µm with TE modes).
Figure 11 shows the h-dependence of the confinement rate
Γ of the mode field in LiNbO3 , where Γ is defined by
∬
|Φ(x, z)| 2 dxdz
LiNbO
.
(1)
Γ= ∬ 3
|Φ(x, z)| 2 dxdz
total
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Slot gap size s (nm)
Slot gap size (s) dependence for the confinement rate Γ in
LiNbO3 with d = 300 nm and h = 200 nm, indicated by the blue curve. The
inset, indicated by the red curve, shows the eﬀective index of the mode.
Fig. 12.

Here, the denominator of the right-hand side of Eq. (1) is the
8
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increasing carrier density with a gate structure130) is eﬀective
in decreasing the resistance R and thus achieving ∼ 100-GHz
electrical modulation with an optical loss comparable to.130)
We then plotted the modulator length (L) dependence of the
half-wave voltage Vπ for < 1 V at s = 50 nm in the inset
of Fig. 14 (where the free-carrier optical loss in the doped-Si
slot waveguide was included). We can see that L is 416 µm
for a 1-V application; fortunately this s = 50 nm also gives
the maximum transmittance T when a Mach-Zehnder (MZ)
interferometer of push-pull type, as will be seen in Fig. 15(b),
is built; here, T is defined by T = Γ|(e−iϕ + eiϕ )/2| 2 with
3 γE eﬀ , where Γ is the same one as given in
ϕ = (πL/λ)neﬀ
z
Eq. (1), λ is the input wavelength or 1.55 µm, neﬀ is the
eﬀective mode index that varies with s, γ is the EO coeﬃcient
of LiNbO3 or ∼ 30 pm/V,27) and Ezeﬀ is the averaged electric
field where the optical field is present in the EO material.
The inset of Fig. 14 shows that Vπ L is 4.16 × 10−2 V·cm,44)
which is about 1/240 smaller than that of the conventional
LiNbO3 modulators and about 1/50 smaller than that of the
aforementioned advanced Si/LiNbO3 modulator. This is due
to a small-sized gap in our slot waveguide that works as closetip electrodes. In comparison with the previously reported
modulators, we confirmed the usefulness of the doped-Si slot
waveguide in our hybrid modulator to obtain a small Vπ L; the
small modulator length (L = 416 µm) is also advantageous in
avoiding the use of transmission lines of 50 Ω that causes large
electrical-power consumption, as mentioned in the previous
section.

Figure 12 shows the slot gap-size (s) dependence of the
confinement rate Γ at d = 300 nm and h = 200 nm. From Fig.
12, we can see that as s decreases, an optical leakage to LiNbO3
decreases, where Γ decreases almost linearly with s. The inset
of Fig. 12 gives the s-dependence of the eﬀective mode index,
which shows that as s decreases, the eﬀective mode index
becomes large because of tighter light confinement in the slot
waveguide with refractive index 3.5 (albeit including air).
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Fig. 13. Electric field Ez (x, z) for the slot waveguide sandwiched
between LiNbO3 and SiO2 with diﬀerent slot gap-sizes: (a) s = 30 nm, (b)
s = 60 nm, (c) s = 80 nm. The colours (blue, yellow, red) of the field
strength represent 0, 2, 5 × 107 V/m, respectively.
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Application of proposed modulators

In this final section, we show a device design for an application
of the proposed modulators to an optical large-data transmitter
using 16 quadrature amplitude modulation (QAM); the design
is given in Figs. 15(a)-(c). (The extension to 2 N QAM (N > 4)
is easily made.) Here, propagating waves are set to be TE
modes.
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Slot gap size (s) dependence of the electric field (Ez0 ) at LiNbO3
on the slot gap, indicated by the blue curve, when Vapp = 1 V. The inset,
indicated by the red curve, shows the modulator length (L) dependence of
the half-wave voltage Vπ less than 1 V (i.e., CMOS-operational voltage).

Fig. 14.
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Figure 13 displays the calculated cross-sectional (x-z) electric field Ez (x, z)129) (not the optical field) produced from the
slot gap for diﬀerent gap sizes (s); the voltage Vapp applied to
the gap was set at 5 V to obtain a good graphical contrast, but
this can be decreased to 1V, as shown in Fig. 14; in this case,
the electric-field pattern is almost unchanged, except for its
amplitude.
As s decreases, the electric field Ez0 at LiNbO3 on the slot
gap becomes large; the s-dependence of Ez0 is plotted in Fig.
14, when Vapp = 1 V. Here, we observe that Ez0 increases
almost inversely with s. But, as given in Fig. 12, the mode
field in LiNbO3 becomes small as s decreases; thus there is an
appropriate s that gives maximum overlap between the optical
and electric fields. This takes place at s = 50 nm.130) For
large capacitance C due to the small gap size s = 50 nm of
the slot waveguide (which gives a large CR time constant),

Doped Si
SiO2

SiO2
Si
G

Si
S

G

(a) Device design for 16 QAM. A phase modulator (PM) gives a
π/2-shift to the wave passing through it. Mach-Zehnder intensity
modulators (MZ) create 0/1 optical signals by applying electrical voltages;
the amplitude of this ’1’ signal can be adjusted by applied-voltage control.
(b) Detail of MZ. G and S are ground and signal electrodes, respectively. (c)
Cross-section of MZ when MZ is cut through the dashed line in (b), where
the black thick lines are metal electrodes.
Fig. 15.

In Fig. 15(a), at the first Y junction at the left, an input
wave of frequency ω coming from an outside laser diode is
divided into two waves. Let the wave at A be described by
9
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E cos(ωt), where E is its field amplitude. The wave at B is
π/2-phase-shifted with the proposed EO modulator working
as a phase modulator (PM); this wave is thus described by
E cos(ωt + π/2) = −E sin(ωt). The waves, divided at the
second Y junction just after A, go in Mach-Zehnder intensity
modulators MZ1 and MZ2 (each of which is constructed of
two PMs) for intensity modulation. These can generate four
types of optical signals: (0, 0), (0, 1), (1, 0), (1, 1) for (MZ1,
MZ2), respectively. Applied-voltage adjustments of MZ1 and
MZ2 can also adjust signal amplitude F and F/2 at MZ1
and MZ2, respectively. Owing to these amplitude adjustments,
even though those signals are combined at C, the four-type
signals are distinguishable, because the combined wave using
(0, 0), (0, 1), (1, 0) or (1, 1) gives an amplitude of 0, F/2, F
or 3F/2, respectively; hereafter, these amplitudes are denoted
by Ii (i = 1 - 4).
In the same way, MZ1’ and MZ2’ in Fig. 16(a) can give
signal amplitude F and F/2 at MZ1’ and MZ2’, respectively.
The same four-type signals (but with the π/2-shifted phase)
can be clearly recognised even after they are combined at D;
hereafter, these combined amplitudes are represented by Q j
( j = 1 - 4).
The waves with those amplitudes Ii and Q j can easily be
distinguished even after they are combined with the final Y
junction at the right in Fig. 15(a), because
 the combined waves

Figs. 5 and 6, these waveguides have broken mirror symmetries, because the Si (110) SOI layer is asymmetric between left
and right with respect to the < 112 > direction. The concept
of broken symmetries can also be applied to photonic crystals
rather than single crystal of Si. Here, we review our attempts
to manipulate symmetries of photonic states propagating in a
photonic crystal line-defect waveguides.45–48)
5.1

It is well established that opening of the effective band gap is
realised in a photonic crystal made of triangular arrays of holes
in a free-standing slab of Si.132, 133) The mechanism of the
opening of the band-gap is due to its periodicity of the lattice
with the lattice constant of a and consequent Brillouin-zone
folding132) quite similar to the formation of the Bloch state
in a conventional material due to the crystal symmetry.3) By
making removing holes in the centre of a photonic crystal, linedefects are formed to allow the in-gap states for the propagation
of photons in a photonic crystal waveguide.132) In a standard
design of photonic crystal waveguide, a mirror symmetry with
respect to the centre of the waveguide is still maintained as
shown in Fig. 16 (a). In the band structure with a mirror
symmetry, there is a band crossing away from the edge of the
Brillouin-zone, and there is a band degeneracy at the crossing
point, which can be described by a two-level system.45) The
existence of the two branches was simply coming from the
multi-mode nature of our photonic crystal design by adjusting
the width of the waveguide to have modes with even and odd
nodes.45)

are composed of different amplitudes Ii2 + Q2j and different
phases θ i j for different i and j, as given by

(2)

5.

!"#$%&'($)*+,!-".

+1.** !648*"*'6))9)*52''$4)2*
/)$0&$%12*+"-".

We have analysed the optical and electrical properties of our
efficient Si/LiNbO3 -hybrid EO modulator with a doped-Si
slot waveguide, where the doped-slot waveguide works as
narrow-gapped electrodes to provide a large electric field and
a small Vπ L. By gradually reducing the slot height, we have
clarified that there is a threshold height between opticallyevanescent and perfectly-radiative modes; we have used a slot
height that maintains the evanescent mode for the modulator
design. Having obtained an optimised slot-gap size for the
best EO modulation, we have theoretically shown a less-than1/100 reduction of Vπ L from that of conventional LiNbO3
modulators and a ∼ 1/50 reduction of Vπ L from that of the
recently-advanced Si/LiNbO3 modulator containing a standard Si waveguide. Furthermore, using the proposed modulators, we have presented an integrated-device design for such
large-data-transmission modulation as 16 QAM.

!"#$%&'($)*+,!-".
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Summary of Si/LiNbO3 -hybrid modulator
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4.4
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where θ i j = arctan(Qi /I j ). In this way, a transmitter with
16 QAM can easily be built with our proposed modulators.
Its signal demultiplexing can be performed by an ordinary
homodyne-detection scheme.131) The proposed integrateddevice design realises such expanded-data-transmission modulation as 16 QAM on a small Si chip just by setting LiNbO3
on it.

/)$0&$%12*+"-".

=

Ii cos(ωt) − Q j sin(ωt)

Ii2 + Q2j cos(ωt + θ i j ),

3%4$%5642*+"6)(64)"42 &%645.*

=

3%4$%5642*+"6)(64)"42 &%645.*

Eoutput

Opening of band-gap & emergence of 2-level
system by controlling the mismatch

!"#$%&'($)*+,!-".

Impact of symmetries of photonic crystal waveguides on band
structures. a is the lattice constant of a photonic crystal, and λ is the
wavelength of the propagating photon. We considered triangular lattice (a)
with and (b) without a mirror symmetry, and fin-waveguides (c) with and (d)
without a mirror symmetry. The shaded orange regions are unit cells used
for numerical simulations.

Fig. 16.

Here, we introduced a mismatch between upper and lower
photonic crystals by introducing the phase-shift between 2
photonic crystals. In analogy with condensed-matter physics,
this corresponds to have a dislocation3) between 2 separated
photonic crystals. The photonic crystals have a glide plane

Broken symmetries of photonic crystals

So far, we have discussed our Si photonic waveguides with
atomically-flat Si (111) surfaces and applications to optical
modulators and sensors using slot waveguides. As shown in
10
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becomes diagonalised to be E 2 = k2 + |∆| 2 after the formation
of the Cooper pair upon the superconducting phase transition.
This means that the original linear dispersion, k = ck, becomes quadratic as a function of the wavenumber k. Nambu
was inspired by the theory of superconductivity by comparing this dispersion with that of Einstein’s theory of relativity,
E 2 = (cp)2 + (mc2 )2 , where p = k is the momentum and
m is mass of an elementary particle.142) Nambu suggested
the formation of the energy gap by spontaneous symmetry
breaking leads the emergence of the mass of an elementary
particle, |∆| = mc2 , which is now known as Nambu-Higgs
mechanism,139, 140) as experimentally confirmed as observing
Higgs bosons. The phase degree of freedom, φ defined from
∆ = |∆|eiφ , also plays a very important role to recover the
symmetry as a collective mode.138–141)
In our case, the symmetry was broken a priori as a design
of the system, such that the on-set of a phase transition of
the vacuum is not required. Nevertheless, the mechanism is
essentially the same. The mass of a photon is zero in the
vacuum, travelling at the speed of light c (Table I), and in a
material, it is still massless with the renormalised velocity of
v = c/n. However, in our photonic crystal waveguide with
a broken mirror symmetry (Fig. 16 (b)), the energy-gap is
opening up, leading to the massive dispersion, m  0. This
character is useful for a slow light,132) because the velocity
of the mode is reduced, substantially due to the emergence of
mass.
We can also manipulate symmetries of our waveguides with
fins (Figs. 16 (c) and (d)). In this case, the TM slot mode and
the TE none-slot mode were mixing, but due to the small overlap between modes, the opening of the band-gap was limited
and the slot mode was robust against the introduction of the
mismatch.

symmetry, which is the combination of the mirror reflection and the translation. The mismatch is continuously introduced and it becomes maximum at the maximum mismatch
of a/2.45–48) The introduction of this mismatch was considered36) previously, but, the band crossing point was located
within the light cone.36) In our design, the crossing point was
designed to be located outside the light cone, such that this
band gap opening was experimentally confirmed.46)
Let’s discuss why the band-gap is opening up? The mechanism of the additional band-gap opening is completely different from the simple periodicity, because the original photonic
crystal already has periodicity of a and the introduction of
the mismatch cannot change the periodicity. In the original
photonic crystal of Fig. 6 (a), we had a mirror symmetry, and
in other words, we had a parity symmetry. Assuming the parity operator31, 37, 134, 135) to be P, and the scalar potential of
the electro-magnetic wave to be ψ, which is actually a wavefunction of a photon, twice of P operations bring back to the
original state at the crossing point. This means
P 2 ψ = ψ,

(3)

which means the eigenvalue of P must be
Pψ = ±ψ.

(4)

P = +1 corresponds to the parity even mode and P = −1
corresponds to the parity odd mode. These 2 modes constitute
the 2-level system.45) By introducing the mismatch, the symmetry is adiabatically broken, such that these two orthogonal
modes are mixing each other to form bonding and anti-bonding
modes45) as for lower energy states.

Energy

5.2

Photonic organic chemistry and possible
application to quantum simulations

Above analysis suggests that we can manipulate a two-level
system by controlling the parity symmetry of photonic crystals. The actual states are more complicated than a simple
picture of hybridising modes of even and odd parity states,
because we must consider polarisation and orbital states.45–48)
We start to explain from the nodes as quantum numbers for
a photonic crystal waveguide with a mirror symmetry (Fig.
16 (a)). Setting up a coordinate to be (x, y, z), where x is the
direction of the propagation, y is the in-plane direction perpendicular to x, and z is the out-of-plane direction perpendicular
to the substrate, the photonic crystal waveguide contains an index guided mode, which is dominated by a standard transverse
component, Ey , and a photonic-crystal guided mode, which is
dominated by longitudinal component, Ex , due to strong reflections by photonic crystals. Both index and photonic-crystal
guided modes contain small components for orthogonal directions, such that they are described by number of nodes, as
(n, m), where n and m are number of nodes for x and y directions. In our simulation of Fig. 16 (a), the index guided
mode is described by (1, 0) and the photonic-crystal guide
mode is described by (2, 1). In this way, we obtained naturally
quantised integers to describe modes. However, according to
quantum-mechanics, we also expect conjugate quantum valuable, corresponding to a phase, if the integer quantum number
is obtained.31, 37, 134, 135, 143–145) What is the conjugate quantum

Energy Gap:

= | |ei

Momentum
Quantum mechanical two-level system. The dotted line
corresponds to the original states before mixing 2 modes. After the on-set of
the hybridisation of 2 systems, the bonding and the anti-bonding states are
formed (solid lines) with opening of the band gap. This corresponds to the
emergence of the effective mass.

Fig. 17.

This is a typical behaviour for all quantum mechanical systems, ranging from the Heitler-London theory
of H2 molecule,3) Bardeen-Cooper-Schrieffer (BCS) theory of superconductivity,136, 137) to Nambu-Anderson-HiggsGoldstone theory for the emergence of mass138–141) (Fig.
17). Highlighting the most important aspect of the BCS theory,3, 136, 137) the Hamiltonian of the system in a spinor representation,


k
∆
H=
,
(5)
∆∗ −k
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charges correspond to the left and right OAM, respectively. In
our case, it might be appropriate to call them as topological
monopole, since the magnetic field is circulating. Please note
that there is nothing involved, which has the dimension of
charge nor monopole. Mathematically, it would be rigorous to
describe them as winding numbers. As shown in Fig. 18, positive and negative topological charges are forming photonic
organic molecules with alternating configurations similar to
an Anti-Ferro (AF) magnet.3, 144, 145) Our results suggest that
we might be able to simulate various organic molecules using a
Si photonic platform. The most energetically favourable configurations would be automatically realised to minimise the
energy of photons to travel in a photonic crystal waveguide.
There are a lot of attentions in quantum simulations,21–25) and
they will be useful for material optimisations to elucidate the
mechanism of complex quantum many-body problems such
as high-temperature superconductors144, 145) and ultimately for
simulating the process of the early Universe.152)

:'5'8'+*1"8$
13"4+-$
;$(')-$
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Photonic organic chemistry realised in Si photonic waveguides
with broken parity symmetries. Electro-Magnetic field profiles were
obtained by numerical simulations based on a
Finite-Difference-Time-Domain (FDTD) method. (a) Photonic graphene of
bonding mode found in phase (left) and amplitude (right) of magnetic field.
(b) Photonic poly-acetylene of anti-bonding mode found in phase (left) and
amplitude (right) of magnetic field. Topological configurations of vortex
arrays with alternative topological charge, forming (c) photonic graphene
and (d) photonic poly-acetylene states. Positive and negative topological
charges correspond to nodes, surrounded by fields with left and right orbital
angular momentum, respectively.

Fig. 18.

6.

Conclusion and future vision
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observable to parity? Parity is described by 2 states, P = +1
and P = −1, and therefore, can we identify 2 quantum states
for a photon? The hint was found in a fundamental property
of a photon (Table I), which has 2 polarisation states. In fact,
the 2 modes have orthogonal polarisations, one is dominated
by Ex and the other dominated Ey , such that they can form
a 2-level system.45) By introducing the mismatch (Fig. 16
(b)), the parity symmetry is broken, which allows to hybridise
these 2 orthogonal states, forming bonding and anti-bonding
states with different polarisation states (Fig. 18).45–48) The
phase is, thus, naturally understood as the angles, (θ, φ), in the
Poincaré sphere using Stokes parameters.27, 45–48, 146–149) The
polarisation states are observables using various polarimetry
techniques.150, 151)
For our photonic crystal with a broken mirror symmetry,
it is easier to describe by using magnetic field component
along z, Hz , rather than Ex and Ey , because Hz is dominated
for both modes (Fig. 17).45–48) Interestingly, the mode profiles contain periodic arrays of nodes and it is topologically
the same structure as graphene for the bonding mode with
the lower energy, and it is poly-acetylene for the anti-bonding
mode with the higher energy (Fig. 18). At the node, the intensity becomes zero, while the field is circulating surrounding the node. Since the field must be regular analytic function, the field must be described by a single-valued function,
which leads the quantisation of the optical Orbital-AngularMomentum (OAM).45–48, 85–93) Depending on the direction of
the rotation, the left and right OAM are expected. The node
is quite often called as topological charge, since it is located
at the centre of the vortex of lights. Positive and negative

0.$,<&*&/.'($9<+&#+*.'5:$ >"5/*"3$ 9&4&:&;.'5:$ ,<&*&/.'$
8/*+;#5*.&/$ ,<1(.'( 0.3":5*&#$ 9#5/(.*.&/$
=#1(*5:$

?:+'*#&/.'(
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Future vision of impacts enabled by Si photonics. Low power
data transmission in a data centre is already growing significantly and will
grow even further for various optimisation problems including AI and IoT
networks. LiDAR and biomedical sensing applications are next promising
ares for applications of Si photonics. For the future, Si photonics will also
enable for quantum technologies and photonics and electronics will be
seamlessly synchronised using both classical and quantum nature of photons.

Fig. 19.

We have reviewed our recent progress on developing Si photonic waveguides with broken symmetries and discussed their
applications in low-power optical modulators and quantum
technologies.38–48, 51–55) The use of the atomically-flat Si (111)
interface severely limits the possible features, we can realise.
Nevertheless, by combining these building blocks, we could
construct functional devices such as wire-waveguides,38) slotwaveguides,39, 41) fin-waveguides,43) grating-couplers,40) Ge
light sources,51–55) horizontal MOS-type modulators,41–43) hybrid modulators,44) and photonic crystals.45–48) The proposed
MOS-type optical modulators would be a practical near-term
solution for an active-optical cable in a data centre42) (Fig. 19).
Manipulations of symmetries of photonic crystals by breaking the parity symmetry allowed us to open a new band-gap
by hybridising modes with different polarisation states.45–48)
The simulated mode profiles show photonic graphene and
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photonic poly-acetylene structures with vortex arrays of alternating topological charges. In order to develop a quantum
simulator using the 2-level system of photons, we need to
develop a system with reconfigurable photonic circuits. Si
photonics would be an ideal platform to integrate a lot of
optical components on a chip for quantum technologies. For
quantum applications, it is fundamentally important to address the nature of a photon, because even the most renown
physicist, Einstein, confessed that he could not understand
what is the light quanta.153) In particular, it is believed that
the spin and orbital angular momentum cannot be good quantum observables, independently, while the sum of these could
be well-defined.154–157) In order to use photons for quantum
technologies, it is crucial to revisit this issue and clarify the
condition to use quantum degrees of freedom in more detail.
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