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Silicon Photonic Platform for Passive Waveguide Devices:

Materials, Fabrication, and Applications

Yikai Su,* Yong Zhang, Ciyuan Qiu, Xuhan Guo, and Lu Sun

Silicon photonics has attracted tremendous interest from academia and
industry, as the fabrication of the silicon family of photonic devices is mostly
compatible with the microelectronics process using complementary metal-
oxide semiconductors (CMOS). Herein, three silicon-family materials are
discussed: silicon, silicon nitride, and silica. In addition, hybrid integration
with a 2D material, graphene, is examined. First, the material and waveguide
properties are reviewed. Second, typical fabrication processes for waveguide
devices are introduced. Subsequently, a variety of passive waveguide devices,
operating at different physical dimensions covering wavelength, polarization,
and mode, are discussed. They correspond to fixed and tunable filters, polari-
zation beam splitters and rotators, and mode conversion and multiplexing
devices. These passive waveguide devices play important roles in a wide
range of applications including telecom, interconnects, computing, sensing,
quantum information processing, bio-photonics, and energy.

resolution on a smaller scale, mainly for
fundamental research. While most of these
labs started with silicon materials, some of
them have expanded to other materials in
the silicon family, such as silicon nitride
(Si3Ny). To date, silicon, Si3N,, and silica
(SiO,) are the three matured silicon-family
materials widely employed in photonic
research and development. The Si;N, wave-
guide enables low loss and wide spectral
window, suitable for resonator devices with
high Q factors, for example, above =~10'.
Silica waveguides exhibit large mode sizes,
compatible with those of fibers for easy cou-
pling. Therefore, silica waveguide devices
have been extensively used in conventional
photonic integrated circuits (PICs).

1. Introduction

Photonic devices have found widespread applications in dif-
ferent fields, including information technology, physics, biology,
and energy. Among the diverse materials of choice, silicon has
attracted tremendous interest from academia and industry.
Silicon photonics leverages the standard complementary metal-
oxide semiconductor (CMOS) manufacturing process used in the
microelectronics industry, thus enabling high integration density,
high yield, and potentially low cost. The past two decades wit-
nessed the rapid growth of silicon photonics research and devel-
opment.! Design and fabrication technologies have advanced
significantly, which led to foundries offering multi-project wafer
(MPW) services. These international foundries include, but
are not limited to, Advanced Micro Foundry (AMF) in Singapore,
the Interuniversity Microelectronics Centre (IMEC) in Belgium,
the American Institute of Manufacturing (AIM) photonics in
the US, and the French Alternative Energies and Atomic Energy
Commission (CEA)-Leti in France. Meanwhile, many fabrica-
tion labs have been built in academia with higher fabrication
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In parallel with the boom in silicon
photonics, other new opto-electronic mate-
rials have emerged. Among them, 2D materials have received
considerable attention due to their nanoscale thin film proper-
ties, which do not significantly change the mode fields of sil-
icon photonic waveguides when integrated. The 2D materials
offer new possibilities to realize new functions or to improve
device performance through hybrid integration with silicon
photonic devices. For example, graphene is a typical 2D mate-
rial that exhibits excellent performance. It was perhaps the first
2D material integrated with silicon photonics.

On the application side, a general approach to categorizing
the devices is based on their operation principles in different
physical dimensions. These dimensions include wavelength,
polarization, and mode. Correspondingly, silicon photonic
devices can be divided into filters, polarization handling
devices, and mode manipulation devices.

This review paper introduces the material properties of
silicon, Si;Ny, silica, and graphene on silicon in Section 2.
Section 3 discusses the optical properties of the waveguides
made of these materials, covering the waveguide dimension
and loss. The fabrication processes of these waveguides are
illustrated in Section 4. Subsequently, Section 5 provides an
overview of functional devices in different physical dimensions,
including fixed and tunable filters, polarization beam splitters
and rotators, mode conversion and multiplexing devices, and
graphene on silicon hybrid devices. This paper limits the scope
of the review to passive devices because active components need
materials other than silicon, Si3Ny, silica, and graphene. Finally,
Section 6 summarizes the review. It should be noted that given
the rapid technological advancements, this review may possibly
omit a number of interesting developments. Overall, this paper
attempts to offer a general review for researchers entering the
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field, and also provide abundant information and relevant refer-
ences for experienced scientists and engineers to keep track of
published results of their interest.

2. Materials

2.1. Silicon, Silicon Nitride, and Silica

To realize integrated passive waveguide devices with low losses,
various materials based on silicon photonic platforms have
been demonstrated, such as silicon, silicon nitride, and silica.
The material absorption characteristics of these popular mate-
rials are shown in Figure 123 The silicon material exhibits
low absorption in the wavelength range of 1.1-8.5 um, which
covers the near-infrared (NIR) and mid-infrared (MIR) regions.
However, silicon materials are not an option for applications in
the shorter wavelength range, such as data communications at
850 nm. Silicon nitride has a wide optical bandgap that can be
varied from 2.7 to 5.0 eV by changing the N/Si ratio; thus, the
transparent window of silicon nitride ranges from 400 nm to
the MIR range. Silicon nitride is a viable solution to imple-
ment “silicon photonics” at wavelengths shorter than 1.1 pm.
Silica is an attractive material for passive PICs because of its
mature fabrication process, low propagation loss, and com-
patibility with optical (silica) fibers.”l Silica materials exhibit
low absorption in the visible range to MIR region. This study
focuses on integrated passive waveguide devices in the NIR tel-
ecom band.

Table 1 lists the refractive indices, thermo-optic (TO) coeffi-
cients, and nonlinear coefficients of silicon, silicon nitride, and
silica materials in the NIR range. Silicon materials exhibit the
highest refractive index, leading to the highest index contrast
and the most compact footprint for silicon waveguide devices.
Si3N, can be formed by low-pressure chemical vapor deposi-
tion (LPCVD) or plasma-enhanced chemical vapor deposition
(PECVD) processes. LPCVD-based silicon nitride is close to sto-
ichiometric Si3Ny, and has a refractive index of approximately
2.0 in the telecom band. The optical properties of PECVD-based
silicon nitride depend on the deposition conditions. A silicon-
rich (higher refractive index) or nitride-rich (lower refractive
index) waveguide can be achieved by changing the N/Si ratio.l
The high TO coefficient of silicon makes silicon waveguide
devices strongly sensitive to temperature variations, especially

Silicon

Silicon nitride

Silica

o 1 2 3 4 § 6 7 8 9 10
Wavelength (um)

Figurel. Materialabsorption characteristics ofsilicon, silicon nitride, andsilica
materials. The shaded regions represent the optical transparent window,
while the black areas show the high absorption loss wavelengths.
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for silicon microcavity devices. On the other hand, however,
due to the high TO coefficient of silicon, a silicon wavelength
filter with ultra-high TO tuning efficiency and a silicon switch
with ultra-low power consumption can be realized.”] The TO
coefficients of silicon nitride and silica are approximately one
order of magnitude lower than that of silicon. The Kerr nonlin-
earity of silicon is large. However, it is hindered by the strong
two-photon absorption (TPA) in the telecom band. Compared
to silicon, silicon nitride has a negligible TPA in the NIR.
Despite its lower Kerr nonlinear coefficient compared to that
of silicon, silicon nitride waveguides have been used for many
nonlinear applications, such as supercontinuum and frequency
comb generation.[®? Silicon, silicon nitride, and silica materials
have negligible second-order nonlinearity and Pockels effect
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Table 1. Optical properties of silicon, silicon nitride, and silica materials.

Material Refractive index TO coefficient  Kerr nonlin-  Pockels effect
KT earity [m? W]

Silicon(" 3.467 1.86 x 107 4.4x1078 None

Silicon nitridel'? =2.0 2.45x107° 2.4 %1070 None

Silical’l 1.444 0.95x10°  2.2x107200M4 None

due to the centrosymmetric structure of the materials. Silicon-
based electro-optic modulators are difficult to realize based on
Pockels effect.[1%

2.2. Graphene on Silicon

Various 2D materialsl™® can be seamlessly integrated with
silicon waveguides without significantly affecting the mode
fields. They include graphene, '8 black phosphorus (BP),*-21
and tungsten disulfide (WS,).2224 Among these mate-
rials, graphene, a single atom thick carbon sheet with atoms
arranged in a hexagonal structure, was first studied for inte-
grated optoelectronic devices due to its excellent optical and
electrical properties.”>?°l A mono-graphene layer has a con-
stant absorption of 2.3% over a wide wavelength range, from
infrared to visible. Graphene also has a high carrier mobility
(200 000 cm? V! s7! at room temperature), which is about two
orders of magnitude higher than that of silicon.l'l Additionally,
graphene has a high thermal conductivity (5300 W m~! K™1)i3%
as well as a large Kerr coefficient (n, = 102 m? W2).8U The
permittivity of graphene can be controlled using electrical
gating.13233 Recently, various opto-electronic devices have been
demonstrated on graphene-silicon platforms, including high-
speed modulators,%3+3%  broadband photo-detectors,7:18:36]
high-efficiency micro-heaters for tunable optical filters,3037]
four-wave mixing processes,3138 and ultra-fast optical
switching.[3940]

3. Waveguide Properties

3.1. Silicon, Silicon Nitride, and Silica Waveguides

There are a variety of silicon-family optical waveguides,
including nanoscale silicon wire waveguides, silicon nitride
waveguides, and microscale GeO,-doped silica waveguides. The
properties of these waveguides are introduced in the following
subsections.

3.1.1. Silicon Waveguides

Silicon-on-insulator (SOI) is the preferred platform for silicon
waveguides in the NIR range. In the beginning, due to the
limitations of the fabrication process, silicon waveguides with
large cross sections were investigated to achieve low propaga-
tion losses on thick SOI wafers with thicknesses of =1 um,*!
as shown in Figure 2a,b. Accurate phase control and low
propagation loss (<0.5 dB cm™) can be easily achieved in large
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Figure 2. a) Schematic cross section and b) simulated electric field distri-
bution of the TE; mode in an SOI rib waveguide. The thicknesses of the
silicon guiding layer and buried oxide layer are 1.4 and 1 um, respectively.
The rib width is 1.5 um, and the rib depth is 0.5 um. c) Schematic cross
section and d) simulated electric field (E,) distribution of the TE; mode in
an SOI nanowire waveguide. The thicknesses of the silicon guiding layer
and the buried oxide layer are 0.22 and 2 um, respectively. The waveguide
width is 0.5 um.

rib waveguides,*? which are important for commercial applica-
tions. However, the bending radius of the rib waveguide is typi-
cally on the order of 10>-10% um, ! resulting in large footprints
and low integration density.

Subsequently, owing to advanced fabrication processes,
nanoscale silicon wire waveguides have been demonstrated
with a thickness of hundreds of nanometers, exhibiting a
high index contrast of 2.47 (cladded with air) or 2 (cladded
with silica) on a thin SOI wafer, as shown in Figure 2c,d. Uti-
lizing the high index contrast, ultra-sharp waveguide bends!*/
with radii <2 pm and ultra-compact silicon passive waveguide
devices!®! with lengths <10 um have been reported, enabling
large-scale photonic integration. However, silicon nanowire
waveguides are more sensitive to the roughness of the wave-
guide sidewalls or line edge roughness (LER).*} A roughness
of only a few nanometers leads to a propagation loss on the
order of 1 dB cm™.] The propagation losses of the silicon
nanowire waveguides are typically a few dB cm™, as shown in
Table 2. Several approaches have been proposed to smoothen
the waveguide sidewalls, including anisotropic wet etching,®!
optimizing the waveguide pattern,® and post-processing
methods.’” A waveguide propagation loss < 2 dB cm™ was
reported when thermal oxidation was used to smoothen the
sidewalls.”l A waveguide loss < 1 dB cm™ was demonstrated
when hydrogen silsesquioxane (HSQ) was used as an e-beam
resist.”? More recently, silicon nanowire waveguides were
found to exhibit low propagation losses <0.40 dB cm™ in the
C-band, and <0.5 dB cm™ at 1310 nm, when fabricated by
ArF immersion lithography,*! and hydrogen plasma and
annealing, % respectively.

Another important issue of silicon nanowire waveguides
is the sensitivity of the effective index to the waveguide width
variation. A waveguide width deviation of 1 nm leads to =1 nm
wavelength error in the transmission spectra of Mach—Zehnder
interferometers (MZIs), microring resonators (MRRs), or
photonic crystal (PhC) cavities.”® The phase in the waveguide
is also sensitive to the waveguide width, leading to large cross-
talk in arrayed waveguide gratings (AWGs) and directional
couplers (DCs). Some designs have been proposed to relax the
strong dependencies on the waveguide dimension, such as
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Table 2. Comparison of propagation losses for silicon nanowire
waveguides.

Published year Waveguide Wavelength Loss
dimension [nm?] [nm] [dB cm™

200463 445 x 220 1500 3.6

200504 500 x 220 1550 2.4

2007651 510 x 226 1550 17

20080>2 500 x 260 1520 0.92

2014631 500 x 220 1550 0.5

201614 440 x 220 1550 0.4

201648 380 x 340 1570 0.85 for TE?, 1.08 for TMP)
20180°0 700 x 310 1310 0.37

aTE: transverse electric mode; Y TM: transverse magnetic mode.

subwavelength grating (SWG) structures®” and dual-core adi-
abatic tapers.P®!

3.1.2. Silicon Nitride Waveguides

Silicon nitride is an emerging material in the foundries and
has been widely used in integrated optics. The thickness and
refractive index of the silicon nitride film can be controlled
by changing the deposition conditions of PECVD or LPCVD.
This flexibility facilitates the combination of silicon nitride
waveguide devices with silicon or other waveguide devices on a
single platform to realize novel hybrid-integrated devices.

The index contrast in a silicon nitride waveguide is typically
1.0 (cladded with air) or 0.55 (cladded with silica). The propaga-
tion loss of a silicon nitride waveguide can be an order of magni-
tude lower than that of a silicon nanowire waveguide.*’) Several
solutions have been proposed to reduce the propagation losses
of silicon nitride waveguides, including annealing to remove the
impurities in the silicon nitride and silica layers, smoothening
the film roughness and the waveguide sidewall roughness, and
properly designing the waveguide cross sections. A propaga-
tion loss of =0.01 dB cm™ was reported in the silicon nitride
waveguide at the cost of low mode confinement and large wave-
guide bend.P?! Figure 3a—c shows the simulated electric field
distributions of the low-confinement, moderate-confinement,
and high-confinement silicon nitride waveguides, respectively.
For a low-confinement waveguide with a silicon nitride thick-
ness of =100 nm, most of the optical power leaks into the clad-
ding layer, and thus thicker layers of the buried oxide and the
upper cladding are required to achieve low propagation loss.
A low-confinement waveguide has been demonstrated with a
propagation loss of 0.09 dB cm™ at 1550 nm, enabled by the
thin core layer and the 8-um-thick buried oxide and upper clad-
ding layers.[®) However, the bending radius of the waveguide
is as large as 0.5 mm. For moderate-confinement waveguides
with a silicon nitride thickness of 150—400 nm, a propagation
loss of 0.30 dB cm™ was reported with a reasonable curving
radius of 50 pm at 1550 nm.[®!l The dispersion properties can
be easily controlled by adjusting the cross sections of the high-
confinement waveguides with a silicon nitride layer thickness of
>700 nm.[®? Thus, high-confinement silicon nitride waveguides
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a b

Figure 3. Simulated electric field (E,) distributions of a) low-confinement,
b) moderate-confinement, and c) high-confinement silicon nitride wave-
guides. The width and height of the low-confinement waveguide are
2800 and 100 nm, respectively. The width and height of the moderate
confinement waveguide were 800 and 400 nm, respectively. The width and
height of the high-confinement waveguide are 2700 and 950 nm, respec-
tively. The black rectangle box represents the silicon nitride core region.

are very suitable for some linear and nonlinear optical applica-
tions, such as frequency combs and supercontinuum genera-
tion. A high-confinement waveguide has been demonstrated
with a propagation loss of 0.04 dB cm™ at 1550 nm.[®%! Table 3
shows the propagation losses of some reported silicon nitride
waveguides, indicating that silicon nitride waveguides were
successfully fabricated with low propagation losses for wave-
lengths ranging from 532 to 3700 nm.

3.1.3. Silica Waveguides

Silica-on-silicon optical waveguides are one of the most popular
choices for PICs due to the advantages of low cost, low propaga-
tion loss, good matching to optical fibers in dimensions, and
refractive index contrast.”® Typically, with a germanium-doped
silica core surrounded by silica claddings, the dimensions and
materials of the silica waveguides are similar to those of the
optical fibers, as shown in Figure 4a. To avoid high substrate
leakage losses through the buried oxide layer, typical thick-
nesses of =12 um have been used for the upper and bottom
claddings.”) The refractive-index contrast between the core
and the cladding can be adjusted by changing the deposition

Table 3. Propagation losses of some silicon nitride waveguides.

Published year Waveguide Wavelength  Bending radius Loss
dimension [nm] [nm] [um] [dB cm™]
2005/ - 1550 - 1.5
2005[63] 800 x 150 1550 500 0.11-1.45
2008[661 2000 x 140 633 25-50 0.2
201110 2800 x 100 1550 500 0.09
2013[67] 800 x 220 900 - 0.62
2013(68) 700 x 100 600 35 0.51
20131631 1800 x 190 1550 115 0.04
201306 4000 x 2500 3700 200 2.1
2014701 1000 x 400 1270 - 0.32
2015171 2700 x 950 2600 230 0.60
201561 2000 x 200 1550 50 0.3
2016172 1150 x 1350 1598 238 -
2017731 2500 x 730 1550 115 0.008 +0.001
201974 350 x 180 532 / 1.36
201975 780 x 730 1300 80 0.17
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Figure 4. a) Schematic cross section and b) simulated electric field (E,)
distribution of the fundamental mode in a silica waveguide. The core size
is 7 um X 7 um and the index contrast is 0.45%.

conditions during the fabrication process. The simulated elec-
tric field distribution is plotted in Figure 4b for a silica wave-
guide with a core size of 7 um X 7 um and an index contrast
of 0.45%. The propagation loss of the silica waveguide was
demonstrated to be as low as 0.017 dB cm .8 The fiber-chip
coupling loss was lower than 0.1 dB," attributed to the good
mode matching between the waveguide and an optical fiber.
Owing to their excellent optical performance, a large number of
silica waveguide devices have been used in commercial optical
equipment, such as 1 x N optical splitters””! and AWGs.®% The
bending radius of a silica waveguide is typically tens of mil-
limeters, leading to the large footprints of the silica waveguide
devices. Therefore, it is difficult to realize large-scale PICs
based on silica waveguide devices.

3.2. Graphene-Silicon Waveguides

This section focuses on the optical properties of the graphene—
silicon hybrid waveguide in the telecom band. The 3D structure
of the hybrid waveguide is shown in Figure 5a. If a graphene
sheet is integrated onto a silicon waveguide with the dimensions
of 500 nm X 220 nm, part of the light power (=0.083%) is eva-
nescently coupled to the graphene layer, as shown in Figure 5b.
In this simulation, the Fermi level of graphene (E;) was set
to 0.4 eV and the permittivity was set to 2.126 + 6.038i.8182] If
the input light wavelength is 1.55 um (or 0.86 eV in photon
energy, Ep), inter-band absorption dominates since 2E; < E,
is satisfied. Thus, light in the hybrid waveguide is attenuated,
and the experimental loss rate is approximately 200 dB cm 182
Meanwhile, through proper waveguide engineering, the loss of
a hybrid waveguide can be highly dependent on the polariza-
tion state of the optical signal. Based on this principle, several

Graphene
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polarizers based on graphene-silicon/SiO, hybrid waveguides
have been proposed and demonstrated.[33-5°]

Moreover, the aforementioned structural parameters
(W, H, H,) of the graphene-silicon hybrid waveguide should
be properly designed for practical applications. Here, we con-
sider electric-optic (EO)/TO tuning as an example to illustrate
the principle, in which high efficiency as well as low loss are
desired. To improve the efficiency, the light-matter interaction
must be enhanced by increasing the optical power in the gra-
phene layer. This can be achieved by reducing the width (W)
and height (H) of the waveguide as well as the spacer thick-
ness (Hg). However, if the light power in the graphene layer
increases, the loss rate of the hybrid waveguide increases
accordingly. Accordingly, the loss of the hybrid waveguide,
expressed as loss = loss rate X L, also increases, which strongly
affects the quality factor of a resonator based device. Thus, the
modulation depth may be lowered even when the modulation
efficiency is increased. Therefore, in practical applications, one
needs to consider the trade-oft between tuning efficiency and
loss.

4, Fabrication

4.1. Silicon, Silicon Nitride, and Silica Waveguides

Over the past few years, silicon photonic platforms have
become available through foundry/MPW services.’*®”] Deep
ultraviolet (DUV) lithography at wavelengths of 248 nm or
193 nm has been used to define the patterns on a wafer. The
lithography resolutions of the 248-nm and 193-nm DUV lights
are typically 180 and 130 nm, respectively. To realize silicon
devices with smaller feature sizes, several research groups
have used e-beam lithography (EBL) with higher resolutions.®®!
Some review papers have introduced the fabrication processes
and results provided by the foundries.®>%%% In this paper, the
authors focus on the fabrication processes using EBL.

Silicon passive waveguide devices are usually designed and
fabricated on a commercial SOI wafer. The fabrication pro-
cess of a typical silicon passive waveguide device is shown in
Figure 6. For silicon chips with vertical coupling to external
fibers, EBL is first used to define the grating coupler structures
on the e-beam resist. Second, the patterns are transferred
to the top silicon layer with an etching depth of =70 nm by
inductively coupled plasma (ICP) dry etching. Subsequently,

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Figure 5. a) Schematic diagram of a 3D graphene-—silicon integrated waveguide. W and H are the width and height of the silicon waveguide, respectively.
H, is the thickness of the spacer material between graphene and silicon. L, is the length of the graphene material on the waveguide. b) Normalized TE
mode electrical field distribution for a graphene—silicon hybrid waveguide. The dimensions of this waveguide are 500 nm x 220 nm. Hs was set to 0 nm.
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Figure 6. Schematic of the silicon device fabrication process. EBL: e-beam lithography.

the waveguide slab is defined on the silicon layer with an
etching depth of =130 nm using EBL and ICP dry etching. The
strip waveguides are then fabricated on the silicon layer with
an etching depth of 220 nm. Finally, a SiO, layer is deposited
on the wafer as the upper-cladding by PECVD.

Silicon nitride is typically deposited on a silicon substrate with
a =3-um-thick thermal silica layer by PECVD or by the LPCVD
method to form a silicon-nitride-on-insulator wafer. For film
deposition, Si-H and N-H bonds are critical issues since these
bonds can act as optical absorption centers and lead to absorp-
tion losses in the NIR range. Therefore, silicon nitride films are
usually grown by high temperature processes around 800 °C and
then annealed at >1000 °C to break the bonds, enabling ultra-
low propagation loss of the silicon nitride waveguides.®>%2 The
deposition process with a low temperature of <400 °C has also
attracted much attention,®¥! as the process provides a reasonable
material quality and is compatible with CMOS back-end-of-line
integration. Silicon nitride devices can be fabricated on a silicon-
nitride-on-insulator wafer using EBL and ICP dry etching, which
are similar to that in the silicon device fabrication process.

For silica waveguides, the SiO,-GeO, core and SiO, cladding
layers can be formed on a silicon substrate or a quartz substrate by
flame hydrolysis deposition (FHD) or chemical vapor deposition
(CVD) methods. After deposition, the wafers are baked in an elec-
tric furnace to approximately 1000 °C, and the glass particle layers
become transparent glass layers.”! The silica core is patterned by
e-beam lithography or traditional photolithography. Subsequently,
the core layer etch is implemented using a reactive ion etch (RIE)
or an ICP etch. The process steps of the silica devices are also sim-
ilar to that for the silicon device fabrication mentioned above.

4.2. Graphene-Silicon Waveguides
To implement graphene-integrated optoelectronic devices on a
silicon platform, first, the graphene layer should be transferred

onto the chip by using the wet-transfer technique, as shown in
Figure 7. In the wet-transfer process, a polymethyl methacrylate
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(PMMA) layer is spin-coated on the graphene, and ferric
chloride (FeCls) solution is used to etch the copper foil. The
PMMA-graphene film is then moved to distilled water to rinse
the etchant residue. Subsequently, the film is transferred to
the substrate and the chip is dried in air overnight. Here, the
PMMA can be removed by acetone and the entire chip is then
covered by the graphene layer.®?l It should be noted that there
are also several other schemes to etch the copper foiling, for
example, by using a commercially available etchant (copper
etchant Type CE-100, Transene Co.) ¥ or a 0.1 M (NH4),S,04.1%"!

4.3. TO Tuning with Metallic Heaters

High tuning efficiency is desired for tunable silicon photonic
devices.”®l Compared to electro-optic tuning, TO tuning shows
the advantages of a large refractive-index tuning range and
negligible optical loss.””] Generally, TO tuning can be achieved
by applying a metallic microheater on a waveguide.®! The fab-
rication process of the waveguide devices with metallic heaters
is shown in Figure 8a. After the deposition of the silica upper-
cladding layer, Ti heaters and Au contact pads are fabricated
on the waveguides by a lift-off process using an e-beam evapo-
rator. A SiO, layer is needed between the silicon waveguide
and the metallic microheater to avoid optical absorption
induced by the metals. The typical tuning efficiency of this
structure is =0.25 nm mWL,%) and is limited by the high
heat capacity, which is attributed to the low thermal conduc-
tivity of SiO, (1.44 W m™! K1).101 Several solutions have been
proposed to achieve higher tuning efficiencies, including inte-
grating the microheater directly on the silicon slab and using
suspended waveguide structures that are surrounded by air
claddings.®! The fabrication process of the suspended wave-
guide devices with heaters on the silicon slab is illustrated
in Figure 8b. After the definition of the device patterns, Pt
is sputtered on the silicon slab to form the microheaters. Au
is then evaporated to define the electrical wires and contact
pads using a lift-off process. Finally, the silica layer beneath
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Figure 7. Graphene transfer process.

the waveguides is removed by a dilute hydrofluoric acid (HF)
solution to form the freestanding structure.

4.4. TO Tuning with Graphene Heaters

The fabrication process of the graphene microheater is illustrated
in Figure 9. Metal electrodes (i.e., Ti/Au electrodes) are deposited
by EBL and the lift-off process. Then, the graphene layer is trans-
ferred onto the chip as discussed in Section 3.2. Subsequently, the
graphene layer should be patterned by EBL followed by an oxygen
plasma etching process to implement the micro-scale structure.lol

PECVD

www.advmattechnol.de

5. Applications

This section reviews the typical applications of passive wave-
guide devices. Functional devices with different materials can
be realized using the same principle; therefore, the authors
use silicon as an example to illustrate the wide applications of
the silicon-family passive waveguide devices. The applications
of silicon photonic devices include communications, com-
puting, quantum information processing, sensing, biology, and
energy. More generally, functional devices may operate in one
or more of three physical dimensions, including wavelength,
polarization, and mode. Correspondingly, this section reviews
three groups of passive silicon devices, that is, fixed and tun-
able filters, polarization beam splitters and rotators, and mode
division multiplexing devices. The wavelength range of interest
is the telecom band centered at 1.55 um for silicon devices.

5.1. Fixed and Tunable Filters
5.1.1. Fixed Filters
The function of a wavelength filter is to select or block a

wavelength or a set of wavelengths at the output. Silicon wave-
length filters are considered one of the essential components in

Waveguide SiO; upper-
cladding .
Evaporaterl Lift-off
Evaporater

s - mois - e

Wire and pad  Lift-off

Resist == Si

b

Waveguide

— 2

Suspended
structure

-SIOz

Microheater
w Ti == Au Pt
Sputter
Llft-off _

Microheater

EBL)

. Evaporater

Wire and pad Llft'Off

Figure 8. Fabrication processes of a) waveguide devices with metallic heaters and b) suspended waveguide devices with heaters on the silicon slab.
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Silicon oxide

wavelength division multiplexing (WDM) systems. Several types
of wavelength filters have been demonstrated using silicon
waveguides with various basic structures including resonators,
interferometers, diffraction gratings, and AWGs. Depending
on the application, one can implement a wavelength filter as a
single-channel drop filter or for (de)multiplexing all wavelength
channels in a single operation. Drop filters based on MRR,
MZI, and diffraction grating, and the (de)multiplexer based on
AWG are mainly discussed herein. One main criterion of such
an optical filter is the flat-top transmission band that filters/
blocks the desired spectral component. The following subsec-
tion reviews some recent results on fixed and tunable filters
with the four typical structures shown in Figure 10.

A MRR is usually composed of a waveguide ring reso-
nator with a small ring radius, typically on the order of a few
microns, coupled to input/output waveguides and add/drop
waveguides (Figure 10a). This MRR filter is an infinite impulse
response (IIR) filter. The filter is used as an add/drop filter,
where the wavelength on resonance is extracted from other
wavelength channels through the drop port. MRR-based add-
drop filters are widely utilized mainly due to their compact
sizes (usually 10 X 10 pm?) and easy fabrication. However,
their operation wavelength ranges are usually limited by the
relatively small free spectral ranges (FSRs) (=10 nm). More-
over, the transmission spectrum of a single MRR is expressed

Input Through

(a) (b)

—
K 1«
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(@)
Refl ection
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}\i" xreﬂ ected
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by the Lorentzian function with a sharp peak and a large
amount of crosstalk in the rejection band. However, there are
some basic structures such as series coupling, parallel cou-
pling, and cascaded topology for the combinations of MRRs to
enable synthesized and improved filter responses. A vertically
triple-coupled MRR add-drop filter in a stacked configuration
achieves a flat-top passband with an FSR of 25.8 nm.[%2l A com-
pact third-order coupled resonator-based filter demonstrates a
large flat 3-dB bandwidth (412 GHz), an FSR of =18 nm and
more than 18-dB out-of-band rejection at the drop port.'3l A
quadruple series-coupled racetrack resonator-based filter shows
a crosstalk suppression ratio of 372 dB, a flat-top passband
with a ripple of 0.2 dB, and an FSR of 3752 nm.l% Another
Gaussian-shaped resonance pass-band/notch filter with a band-
width of 1-2 GHz and a high out-of-band extinction ratio (ER)
of 50 dB has been demonstrated with tunable two- or five-series
coupled MRRs.%! Furthermore, a 40 cascaded MRR-based
filter has been reported with a tunable and flat bandwidth range
of 10-20 GHz.'%l While a complex configuration of MRRs
enables a flat bandwidth for multi-channel WDM, the use of
multiple MRRs requires a larger chip area, with higher con-
sequent insertion losses (IL), and more challenges in device
manufacturing.

Interferometer filters such as MZI usually make use of two
DCs connected to two waveguides with different arm lengths
to separate different wavelengths with constructive/destructive
interference (Figure 10b), which results in a simple sinusoidal
filter characteristic. This filter is a finite impulse response (FIR)
filter, therefore the filtering effect comes from the interference
rather than the resonance. Filters based on MZI configurations
theoretically have significantly large FSRs, and can be designed
to drop a single channel or multiple channels from a set of
incoming channels. Several cascaded MZI adding/dropping
filter configurations with flat-top transmission passbands have
been proposed or demonstrated for WDM applications.[107:108]
An athermal flat-topped two-stage silicon MZI filter assisted
by a strip waveguide and hybrid strip-slot waveguide has been
reported with a 1-dB bandwidth of 688 GHz and an FSR of

Figure 10. Wavelength filters based on a) ring resonator, b) MZI, c) diffraction grating, and d) AWG.
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14.7 nm.l% Other interesting applications of on-chip program-
mable pulse processors have been demonstrated by employing
cascaded multimode interferometer (MMI) and MZI-MRR filter
configurations for both amplitude and frequency tunings.[''0-113]

Diffraction grating is based on periodic dielectric perturba-
tions, and wavelength selectivity is achieved when the Bragg
condition is met, that is, 27 phase delay between the diffraction
of two adjacent grating teeth or etched grating with an effec-
tive index modulation period of 5* for the desired wavelength
A, (Figure 10c). This filter is categorized as an FIR filter. How-
ever, a circulator or an isolator is usually needed in the tradi-
tional Bragg grating to prevent back Bragg reflection. Hence,
various grating-assisted devices with more waveguides have
been proposed to improve filter performance without the need
of a circulator, including gratings, anti-symmetric gratings,
and SWG-based contra-directional couplers (contra-DCs).141Y]
The contra-DCs based on periodic dielectric perturbations are
analogous to waveguide Bragg gratings and have an unlimited
FSR. Contra-DCs exhibit the merits of compactness, flat-top
response, nearly infinite FSRs, and particularly large band-
widths (usually >10 nm). Recently, a SWG-assisted contra-
DCM with a bandwidth of 4.07 THz has been demonstrated,
but with a sidelobe suppression ratio (SLSR) of only =2 dB.
Another improved series-cascaded apodized SWG-assisted
contra-DC showed a similar large drop-port 3-dB bandwidth
of 4.07 THz with much improved SLSR (>50 dB)."® A four-
channel WDM based on the asymmetric contra-DC has been
demonstrated with a channel spacing of 2-3 nm and an IL of
0.23-0.58 dB.[18]

AWG is the most commonly used integrated device for
multiplexing more wavelength channels. The AWG filter is also
based on the interferometry mechanism and can be consid-
ered a generalization of the MZI filter to (de)multiplex a broad
spectrum into multiple wavelength channels with different dif-
fraction angle 6 using a “free-space” focusing medium simul-
taneously (Figure 10d). The AWG wavelength filter is catego-
rized as an FIR filter. An AWG usually has a larger footprint
compared with that of an MRR when scaling in a more com-
plex manner dictated by a combination of FSR, the number of
channels, and the physical layout parameters, that is, bending
radius and waveguide spacing. However, there is a trade-off
between the small channel spacing and compactness with excel-
lent performance. For silicon-based AWGs with relatively large
channel spacing (e.g., Afy, = 400 GHz), excellent performances
with a small footprint have been achieved.">21l For AWGs
with smaller channel spacings (e.g., Afy, = 50, 100, 200 GHz) in
dense WDM (DWDM) applications, 227124 the device footprint
increases, while the performance degrades. Recently, a compact
18-channel and 200 GHz WDM channel spacing AWG with a
footprint of only 520 um x 190 um was realized utilizing a bidi-
rectional AWG and MZI optical interleaver.[?’]

5.1.2. Tunable Filters
Silicon benefits from a high TO coefficient of 1.86 x 10~ K as
well as a large heat conductivity (=149 W m™! K}), and is there-

fore promising in realizing efficient thermally-tunable filters
with high flexibility and scalability in wavelength/bandwidth/
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channel number to meet the more dynamic, gridless, and
smart-network scenarios, such as reconfigurable optical add/
drop multiplexer (ROADM). Filters with tunable bandwidths
are needed in gridless ROADMs, enabling optimal spectral
efficiency and optical performance monitoring.'l Based on
the previously mentioned basic wavelength filters, a variety
of silicon filtering configurations with multiple basic ele-
ments have been proposed to realize wavelength and band-
width tunability, mainly including the MRRs,?”1?8] cascaded
MRRs, 129132 M 715,133l MZI-MRRs,#135 and cascaded grating
structures.3®13] However, there are always trade-offs in the
performance; only a few geometries manage to achieve wide
bandwidth and wavelength tunability while maintaining good
off-band suppression. The following paragraphs present an
overview of recent progress in tunable filters.

The MZI structures can realize wavelength tunability, but at
the cost of their fixed filter shapes. A flat pass-band filter based
on a cascaded MZI structurel'®¥ has been proposed with polari-
zation insensitivity and a wavelength tunability of 1.1 nm, a
3-dB bandwidth of 350 GHz, and an FSR of 6.09 nm. A more
complex MZI structure with embedded MRRs in each branch
has also been proposed to realize bandwidth tunability and
wavelength tuning capability, but at the cost of limited FSR
and narrow-bandwidth features. Integrated schemes based on
asymmetric MZI combined with a pair of all-pass MRRs[!3>138]
have been demonstrated with simultaneous bandwidth and
wavelength tuning. The filters offer a bandwidth tunability of
150 GHz and a full FSR wavelength-tuning range of 1.6 nm.
Another bandwidth and wavelength-tunable filter scheme
based on MZI with add-drop MRRs(** exhibited an effective
bandwidth tuning range of 55 GHz and a wavelength tuning
range of 4 nm with an FSR of =8 nm. Cascaded MRR-based
geometries are popular for low-loss, narrow-to-broad bandwidth
tunability, and high-ER filters. Two stages of fifth-order cas-
caded MRRs!% have enabled a high 100-dB passband to stop
band contrast with a measured 3-dB bandwidth of 113 GHz;
however, the passband is relatively lossy and the FSR is lim-
ited to 75 nm. Although these multi-element filters mentioned
above could have good ERs, these devices exhibit relatively
small tunable bandwidths (typically less than 200 GHz) and
small FSRs (typically less than 10 nm), and are unable to cover
the entire C-band. Recently, an ultra-high broadband tunable
add-drop filter assisted by cascaded contra-DCs has been dem-
onstrated® with a large bandwidth tuning range over 1 THz, a
high contrast of 55 dB, and a low IL of less than 0.5 dB. Further
improvements based on the loop of multimode anti-symmetric
waveguide Bragg gratings!'l have enabled a wide bandwidth
tunability of 1.455 THz with a flattop response and wavelength-
tunable range. Some tunable optical filters with state-of-the-art
tuning performances are summarized in Table 4.

Another important consideration is the energy efficiency
of the tunable filters. The typical tuning efficiency of a sil-
icon resonator is =0.25 nm mW~1,13! which is related to the
thermal conductivity of SiO, (144 W m™ K7).1% Various
approaches have been proposed to achieve higher tuning effi-
ciencies, including integrating the microheater directly on the
nanobeam cavities or the adiabatic resonant microring#0-14
graphene microheaters on silicon PhC filters!"?l and several
suspended waveguide structures.***] A high tuning efficiency
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Table 4. Recent results of silicon-based multi-element tunable filters.
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Table 5. Recent typical energy efficient silicon tunable filters.

Structure and reference Bandwidth tunability Wavelength tunability

Structure and reference Tuning Efficiency Tuning Range

[GHz] [nm] [nm mW] [nm]
MZIs133) - 1.1 MRR9) 0.25 20
Cascaded 2nd order 225 =3 MRR with trenches!™] 0.9 7.75
MRRs(121 Adiabatic resonant 1.84 32.85
Cascaded 5th order 13 0.4 MRRs1
MRRs Suspended MRR 4.8 1.5
Cascaded 2nd order 62.5 90 racetrackl*l
MRRs[?1 Nanobeam(1 0.015 6.8
Serial MRRs!'*2 94 17 Nanobeam with 0.27 6.2
MZI+MRRs!34 55 4 nanotentacles!™
MZI+MRRs('33] 150 1.6 Suspended nanobeamt*’! 21 438
Cascaded Contra-DCs["*! 1000 4 PhC with Graphene 1.07 4
MASWBGAY] 1572 13 microheater"

AMASWBG: multimode anti-symmetric waveguide Bragg grating.

of 48 nm mW~! was achieved in a silicon racetrack MRR
with air trenches, but at the cost of a slower tuning speed of
170 ps.'* Most power-efficient devices show multiple reso-
nances in an operation band. High tuning efficiency with a
single resonance over a wide range is highly desirable for sil-
icon tunable filters. A high tuning efficiency of 21 nm mW™
has been demonstrated®! with a single-resonance continuous
tuning range of =43.9 nm using a suspended silicon PhC nano-
beam filter. Properties of typical energy-efficient silicon tunable
filters are summarized in Table 5.

5.2. Polarization Handling Devices

Polarization handling devices can solve the issue of high bire-
fringence in silicon-based waveguides.*%l They include polari-
zation beam splitters (PBSs), polarization rotators (PRs), and
polarization splitter-rotators (PSRs) as key components in
polarization diverse photonic circuits. In the following subsec-
tion, some results on the PBSs based on silicon photonic plat-
forms are presented, following which the PSRs. which combine
the functions of PBSs and PRs, are reviewed.

5.2.1. PBSs

PBS is a basic element for a variety of applications, and is
used to split the two orthogonal polarizations of TE and TM
in silicon-based waveguides.'"¥8l Several types of PBSs have
been demonstrated in silicon waveguides and silicon nitride
waveguides using various structures, such as DCs, 10 grat-
ings,1152 sub-wavelength structures, > MMIs, P41 and
PhC.% Some of the relevant works are summarized in this
subsection.

The DC is a popular structure for PBSs due to its simple
design. The coupling length for TM polarization is much shorter
than that for TE polarization. Thus, the TM polarization is
coupled to the neighboring waveguide, while the TE light still
propagates along the input waveguide. A PBS with a footprint of
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7 um x 16 pm was demonstrated using a symmetrical DC with
two identical silicon nanowire waveguides.'” The polarization
ER is approximately 15 dB. For a symmetrical DC, coupling of
the TE-polarized light occurs, leading to low polarization ER. A
higher ER can be realized by cascading the DC structure at the
cost of a large footprint and a narrow bandwidth. Using an asym-
metrical DC (ADC) is a good option to achieving a higher ER.[>8]
In the ADC structure, the phase-matching condition can be satis-
fied for only one polarization, while there is negligible coupling
for the other polarization due to the strong birefringence. PBSs
have been theoretically proposed using an ADC with silicon
strip waveguides and a nanoslot waveguide.®*% A PBS based
on an ADC having a 70-nm taper-etched waveguide and a slot
waveguide has been experimentally demonstrated with an ER of
>25 dB from 1462 to 1582 nm."!l A bent DC is another type of
ADC.[162163] Several PBSs based on bent DCs have been reported
with good results.'41661 A high-performance PBS is demon-
strated with an ER > 35 dB based on cascaded bent DCs."*”] The
fabrication tolerance of the core-width variation is as large as
+ 40 nm. A genetic algorithm has been used to optimize the PBS
with an ADC structure for ultra-broadband operation. '8!

Grating-assisted contra-DC is another good choice to realize
PBSs. A compact PBS based on GACCs was proposed theoreti-
cally.l®% Such a PBS is advantageous in that it does not require
stringent phase matching and coupling length conditions.”% A
detailed study of the PBS was performed in terms of design,
fabrication, and tolerance to width and coupling length varia-
tions.[>2 However, its working bandwidth is limited (=20 nm).
Recently, a PBS was demonstrated using an anti-symmetric
sidewall Bragg grating in a multimode silicon strip waveguide,
showing a wide bandwidth of 64 nm.["!

Subwavelength structures or metasurfaces enable 2D arti-
ficial materials with subwavelength feature sizes, allowing
complete control of the phase, amplitude, and polarization
of light beams.[?2] Several PBSs have been realized based
on SWGs,”>] inverse design method,”® and anisotropy-
engineered metamaterials.”7778l The working bandwidth is
limited for ADC-based PBSs, as the wavelength shift leads to
variations in both the effective index and the coupling strength.
A PBS was proposed and demonstrated through “effective
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Table 6. Results of various PBSs.
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Structure and reference Loss [dB] ER [dB] Footprint [um?] Schematic illustration
Symmetrical DC'>7] 0.5 15 7x16 TE 4 Bar
TE/TM /
:;/ 1 TM cross
N
ADCIS9] - >10 1.5% 6.9 TE } Bar
TE/TM /
= TM cross
Asymmetrical partially-etched DCI'®") 0.22 30 1.5%x11 TE 4 Bar
TE/TM Partially-etched
= TM cross
Bent DCI'®7] 0.35 35 6.9 X 20 ™
f—»
/- Cross
:_A-—
TE/TM TE Bar
Contra-DCl*2 <1 30 1.2%27.5 TE/TM
———
TE Bar
-— Gratings
Cross
Multimode Bragg gratings(” 2 34 1.5 % 20.35 TE/TM ™
= Bar
ﬁ ot Multimode gratings
Hetero-anisotropic metamaterials['”’] <1 >20 1.9 % 12.25 TE/TM

ZIIIIIIIIIIIIIIII—‘E

™
EEERENENEENENNEREN—
Cross

medium anisotropy” to break the bandwidth bottleneck, instead
of using “configuration asymmetry.”l"”’] The PBS exhibits a
high ER of >20 dB and a large bandwidth of >200 nm. Table 6
shows the results of some reported silicon PBSs.

5.2.2. PSRs

PSRs combine polarization splitting and rotation simultane-
ously to realize ultra-compact polarization diversity circuits. For
a waveguide-type PSR, an asymmetrical cross shape is required
to break the waveguide symmetry. Several types of silicon-based
PSRs have been reported based on various structures, such
as DCs, 72180 MMI,U Y.junction,'? sub-wavelength struc-
tures, 183184 and slot waveguides.!'%’!

Generally, there are two types of PSRs: mode coupling- and
mode evolution-based PSRs.!8% Some of the relevant works
are summarized in this subsection. For mode-evolution-based
PSRs, one method is to convert the TM, mode into the TE,;
mode in a mode-evolution waveguide; subsequently, a mode
converter is used to convert the TE; mode to the TE, mode.
The conversion between the TM, mode and the TE; mode
requires a mode hybridization region in a high index-contrast
optical waveguide with an asymmetrical cross section, such
as a T-shaped cross-section waveguide,'®! an adiabatic taper
waveguide with air cladding,®® or a rib waveguide with SiO,
cladding."®218 The mode converters used in the PSRs can be
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realized by many structures, including ADC,["? asymmetrical
Y-junction,® and S-bend waveguide.'¥”] A silicon PSR was
demonstrated with a TM,-TE; polarization rotation and a TE;-
TE, mode converter,'®¥ and the remaining TM, mode was fil-
tered by a bent DC. The ER was >30 dB and the IL was <1 dB
for the device.

For a mode-coupling-based PSR, cross-polarization coupling
can occur if two orthogonal modes have equal effective refrac-
tive indices and optical paths, and the device structure breaks
the vertical and horizontal symmetries. Thus, one polarization
can be converted to the other one. Efficient PSRs based on
the cross-polarization coupling effect are realized by breaking
the vertical symmetry with air as the top-cladding material.
IL < 0.6 dB and a crosstalk value of —12 dB were achieved
with an ADC with a coupling length of 36.8 um.[® In order
to realize a fabrication-error-tolerant PSR, a tapered DC can be
applied to achieve similar high polarization conversion efficien-
cies with a coupling length of 140 um.[ A bent DC was used
to realize an ultra-compact silicon PSR with a coupling length
of 8.77 um.! To integrate with active silicon devices, SiO, is
required as the top cladding. A highly efficient silicon PSR was
reported based on a double-etched DC with SiO, upper-clad-
ding.2 However, the PSR is sensitive to fabrication variation,
and the bandwidth is limited. A linearly tapered DC can be
used to realize a PSR with high fabrication tolerance and large
bandwidth.!%?l The coupling length is =700 um to achieve adi-
abatic coupling. Recently, a silicon PSR with a short coupling
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Table 7. Results of various PSRs.
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Structure and reference Loss [dB] ER [dB] Footprint [m?] Schematic illustration
Adiabatic tapered waveguidell’] - 10 =5x71 TE Cross
TE/TM m——
: —-—
TE Bar
Adiabatic tapered waveguide and 0.57 30 =5x47.5 TE Cross
bent DCl'38 TE/TM -
= %
S Bar
ADCI 0.6 12 =2 % 36.5 TE Cross
TE/TM s’ TE
= _E'
ar
Asymmetrical tapered DC[' =1 - =2 X% 140 ™
TE/TM —
— _/ Bar
==
.
TM Cross
45] =~ e
Bent DC! 1 18 6 x 8.77 ﬁCross
=
TE/TM TE Bar
s
Partially etched DCI2 0.5 20 =2x27 —
T_‘E/TM TE Bar
.
TE Cross
Linearly tapered and Partially 0.33 19 =2 x 700 TE/TM F"
etched DCI*3 = TE Bar
-
TE Cross
Nonlinearly tapered and Partially 14 18 =2%129 WTE/TM TE +Bar
etched DCI*4
[ —
TE Cross
SWG DCl'l 1.5 13 =255 TE Bar »,
TE/TM =z
=
TE Cross

length of 129 um and high fabrication tolerance has been dem-
onstrated using a nonlinearly tapered partially-etched DC.1Yl In
addition, sub-wavelength grating waveguides can be employed
to realize fabrication-tolerant PSRs.'*>1%] The devices achieved
a remarkable tolerance to fabrication deviation of up to £40 nm,
while the tolerance of several conventional devices was on the
order of £10 nm. Table 7 shows the results of some reported
silicon PSRs.

5.3. Mode Conversion Devices

Mode conversion devices are key components in on-chip mode
division multiplexing systems. An ideal mode converter is
supposed to convert a given spatial mode to any other desired
mode with low IL, low crosstalk, broad bandwidth, short length,
and large fabrication tolerance. Significant efforts have been
devoted to realizing such mode converters in the past years.
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The working principles of the mode conversion devices can be
divided into the following categories:

a) Phase matching technique: The mode in a narrower wave-
guide has the same effective refractive index as that in a
wider waveguide. Phase matching is achieved between
the two modes propagating in the waveguides, resulting
in high-efficiency conversion between these two modes
(Figure 11a).
Beam shaping technique: The input beam is split into two
beams in the upper and lower branches. The beam in the
upper branch has an excess phase compared to that in the
lower branch owing to the optical path difference. The de-
sired mode profile is formed at the joint of the two branches
where the two beams in the separate branches are combined.
(Figure 11D).
c) Constructive interference of coherent scattering: The input
mode evolves into multiple high-order modes that interfere

b

-~
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Ap+1T

Figure 1T1. Mode conversions based on a) phase matching in ADC, b) beam shaping in multiple branching waveguides, c) constructive interference of
coherent scattering in the exotic taper structure and d) phase gradient induced by the optical antennas on top of the dlelectrlc waveguide.

with each other in the conversion region. As a result, a spe-
cific mode profile can be obtained at the output end of the
interference area (Figure 11c).

d) Metasurface-induced gradient phase: By imposing refractive-
index perturbation on a dielectric waveguide, an excess phase
gradient can be introduced along the direction of propaga-
tion, which assists the conversion between two specific
modes in the waveguide (Figure 11d).

The conversion between two modes can be described by the
following mode-coupling equations:

0A i Boe

N
0z ’ 1
0z

where A and B are the amplitudes of waveguide modes a and b,
respectively; 3, and f, are the propagation constants of the two
modes; and &, and kj, represent the exchange coupling coef-
ficients between modes a and b, respectively. According to these
equations, high-efficiency mode conversion occurs between
modes a and b when the difference of the propagation constants
B, — By is nullified, that is, phase matching is achieved for the
target modes in the waveguide. There are many approaches to
fulfilling the phase-matching condition in practice. Mode con-
version was proposed in an adiabatic taper based on the phase-
matching technique.™ The device has a large fabrication tol-
erance and broad bandwidth owing to adiabaticity. However, a
long interaction distance is required to satisfy the adiabaticity
criterion. The length of the adiabatic taper can be shortened by
applying an approach called “shortcuts to adiabaticity.”(1981%]
Another phase-matching technique based on ADCs has been
used to realize a four-channel mode (de)multiplexer.?®” ADCs
have also been used to build an on-chip WDM-polarization divi-
sion multiplexing (PDM)-mode division multiplexing (MDM)
optical switch.?%) A MDM and WDM circuit was implemented
on a SizNgon-silica platform, where 30-Gb/s transmissions
for the three modes were demonstrated.?l ADCs were also
employed to build a WDM-compatible multimode switch that
routed four data channels with crosstalk < —16.8 dB.2%l The
bit error rates were below 10~ while routing 10-Gb s data.
To improve the fabrication tolerance, and thus, scale the mode
channel number, SWGs were used to construct an 11-mode
(de)multiplexing (TE,-TEy) device.?® Low crosstalk values
(-15.4 to —26.4 dB) and IL (0.1-2.6 dB) were measured for all
11 channels at 1545 nm. An adiabatic DC based on the SWG
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was also presented to realize a TE(-to-TE;, mode converter with
a conversion efficiency better than —1.5 dB over a 75-nm band-
width.[?%l Mode conversion devices based on ADCs possess the
advantage of high performance and scalability of the number of
channels, at the cost of the precise requirement of the coupling
length and coupling strength as well as the relatively long con-
version length. Other mode conversion devices based on phase
matching include directional grating couplers and contra-
dir+onal grating assisted couplers.2%-208] Since they are reso-
nant coupling devices with relatively low coupling coefficients,
the mode converters are usually tens of microns in length with
the bandwidths limited to several nanometers.

The beam shaping technique is a straightforward method
for mode conversion. Waveguide modes in separate branches
with the same or different phases can be combined to form the
desired mode in the bus waveguide. Mode-order conversion
between the four modes has been demonstrated by control-
ling the mode evolution in the multimode branching wave-
guides.2 The length of the device reached several millimeters.
By introducing the MZI structure, a similar mode-order con-
verter was constructed to realize the zeroth-order to first-order
mode conversion in a length of =20 um.?'% A large bandwidth
can be obtained using differential waveguides in the MZ1.12'l
The same strategy can be applied in the asymmetric graded-
index PhCs, where beams following different ray trajectories
form the target mode at the end of the PhC waveguide.??l The
total length of the device is less than 10 pm. Low-crosstalk and
broadband Y-junction MDM (de)multiplexers are utilized in a
40-Gb s! non-return-to-zero on-off keying (NRZ-OOK) signal
transmission.?3l Aggregate bandwidths of 20 and 60 Gb s™! for
MDM and MDM-WDM on-chip links are also demonstrated
with asymmetric Y junctions.? Mode conversion devices
based on beam shaping have the merits of low IL and cross-
talk. However, long branching waveguides are indispensable in
these designs and the mode orders are limited by the number
of branches one can handle at the same time.

Mode conversion based on constructive interference of
coherent scattering was first implemented in MMI couplers
with conversion lengths of several hundred microns.*" The
length was shortened to tens of microns by using SWG MMIs
and the bandwidth reached 300 nm (1.4-1.7 um).2%l Low-loss
and fabrication tolerant mode converters was proposed using
the MMI in exotic taper structures, which can be fabricated on
the SOI platform with one-step etching.?/l 1 x 4 Y junctions
and 4 x 4 MMI couplers were combined to realize arbitrary
TE,y/TE,/TE,/TE; mode conversions in a single device.?'®! How-
ever, similar to the mode converters based on the branching
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Table 8. Comparison of the performances of mode conversion devices.

www.advmattechnol.de

Structure and reference Mode order Size [um X pm] IL [dB] Crosstalk [dB] Bandwidth [nm]
Mode (de)multiplexer using shortcuts to  TEy-to-TE; (Experiment) 2.5%150 <13 <-23 100
adiabaticity('*]

Mode (de)multiplexer based on SWGP*  TEy-to-TEy (Experiment) 42x%5 <2.3 <-19.8 50
Adiabatic DC based on SWG2%%] TEy-to-TE;, (Experiment) 5x75 <1.5 NA 75

SWG MMl TEy-to-TE; (Theory) 36 x3.7 <0.84 <-20 300
Nanostructure based on inverse TEy-to-TE;3 (Theory) 1.6 x 2.4 <0.43 NA NA
design??1]

Waveguide with metasurfacel?2’] TEy-to-TE, (Experiment) 1.4 X 6.736 <1 <-10 20
Waveguide with polygonal slot226] TEy-to-TE; (Theory) 2x8 <0.03 <-26.4 100

waveguides, the number of channels is restricted by the
number of output ports in the MMI coupler. Other schemes
based on programmed structures in waveguides were also
proposed to achieve conversion lengths of only a few microns
in the mode converters, including defects in the PhC wave-
guide?>220 and computer-generated nanostructures based on
inverse design algorithms.??!l Although these devices are the
most compact reported thus far, the ultrafine structures usually
demand fabrication techniques with extreme accuracy, which
makes them less attractive in real applications.

The gradient phase can be introduced by metasurfaces or
metamarials to assist the mode conversion in dielectric wave-
guides. For example, etching patterns were designed using the
effective medium theory to realize 20-um long mode converters
in silicon waveguides.??2l The TE,-to-TE; mode converter was
experimentally demonstrated in an SOI waveguide, with a total
length of 23 um, high mode purity, and relatively low IL.[223I
Gradient metasurface structures consisting of phased arrays
of plasmonic or dielectric nanoantennas were applied at sub-
wavelength intervals to realize waveguide mode converters of
=10 um on silicon, silicon nitride, and lithium niobite plat-
forms.??Y TE;-to-TE; and TEto-TE, mode converters were
proposed and experimentally demonstrated using all-dielectric
metasurface structures with tilted subwavelength slots.2%’]
The coupling lengths are 5.75 and 6.736 um for the TEy-to-TE;
and TEyto-TE, mode conversion, respectively. Similar mode-
order converters based on polygonal slots have been studied
by simulations.??l Mode converters based on this principle
are ultra-compact, broadband, and fabrication-tolerant. Since
it is a burgeoning technique and shows potential in realizing
high-quality mode conversion, the topic is attracting research
attention.

Mode conversion devices with state-of-the-art performances
are summarized in Table 8. Employing adiabaticity and SWGs
in the design of mode converters shows potential for broad-
ening the working bandwidth of the device, while introducing
metasurfaces into the mode converter design is promising for
shortening the device length and reducing the IL and crosstalk.

5.4. Graphene-Silicon Hybrid Devices
Since graphene has a high thermal conductivity as well as a

relatively low absorption rate compared with metal heaters,
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graphene can directly contact the silicon waveguide as an ideal
micro-heater, and the loss of such a graphene-silicon hybrid
waveguide is relatively low with a proper length of the graphene
heater. This is in contrast with traditional metal microheaters
in the CMOS process, in which a buffer silicon oxide layer is
always introduced between the metal layer and the waveguide
layer in order to reduce the loss from the metal. Thus, the
response time can be reduced and the heating efficiency can
be increased.

For a graphene-based tunable TO device, electrical power
can be applied onto the graphene layer, which can function
as a resistor. The graphene layer can then absorb electrical
power and heat the waveguide underneath. Figure 12 shows
the 2D temperature distribution for a graphene-silicon hybrid
structure. In our simulation, the thermal conductivities of
graphene, silicon, and silicon oxide were set to =2000, =80,
and =1.38 W m™! K7, respectively. The heat convection coef-
ficient of the air was =5 W m™2 KLI% The temperature of
the silicon waveguide increased by approximately 5.8 K if the
thermal energy density (Q) in the graphene layer was set to
30 x 10" W m™. As the TO coefficient of silicon is dn/dT =
1.8 x 107* K7L, the effective index of the silicon-graphene hybrid
waveguide (n.q) can thus increase. The real part of n.q affects
the phase delay of the waveguide, while the imaginary part
determines the loss.

Based on the aforementioned scheme, various graphene—
silicon hybrid waveguide-based TO devices have been demon-
strated (see Table 9), including optical switches/modulators
and optical filters. A highly efficient TO microring modulator
assisted by graphenel?”’] was implemented with a heating effi-
ciency of 0.104 nm mW". To enhance the heating efficiency, a
tunable silicon photonic microdisk resonator with a transparent
graphene nanoheater was demonstrated. The diameter of this
micro-disk can be reduced to 2 pm to tightly confine the optical

Graphene

i
305
304
303
302
301
300

Figure 12. 2D temperature distribution of the hybrid graphene—silicon
waveguide. The dimensions of the silicon waveguide are 500 nm x
220 nm. The thickness of graphene was set to 0.5 nm and H, is 0 nm.
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Table 9. Recent progress of graphene-silicon TO devices.

Structure and Tuning efficiency Response time [us] Spacer
reference [nm mW-]

Graphene on 0.104 0.75 No
micro-ring[??’]

Graphene on 1.67 12.8 No
micro-disk*

Graphene on PhCl¥’] 1.07 0.75 No
Graphene on 1.5 1.47 No
nanobeam(™'l

Graphene on 0.33 3 Yes

micro-ring?28]

mode volume. By integrating a graphene micro-heater on the
device, the efficiency is enhanced to 1.67 nm mWLB% The
slow light effect can also be utilized to improve the tuning
efficiency. By using a silicon PhC waveguide and an added
layer of the graphene micro-heater,””) a tuning efficiency of
1.07 nm mW! was obtained. Based on a 1D PhC cavity with an
ultrasmall mode volume, a tuning efficiency of 1.5 nm mW"
was demonstrated in the experiment.'™ Owing to the high
thermal conductivity of graphene, the rise/fall time constants
for graphene-based TO devices are approximately 1 us, which
are much faster than those of metal heater-based TO devices.

Based on the aforementioned experimental results, the effi-
ciency can be increased by using an ultra-small mode volume
resonator and then enhancing the light-matter interaction
between the graphene and optical light. However, the loss from
graphene can absorb light power and thus still strongly affect
the Q factor and the ER. Thus, to resolve this issue, the gra-
phene heater can be located at a distance of 240 nm from the
waveguide,??®l so light absorption can be eliminated. In that
work, HSQ was used as the spacer material between the gra-
phene and waveguide. The tuning efficiency is 0.33 nm mW7,
while the response time is =3 ps. Table 9 summarizes some
recent results.

6. Conclusion and Perspective

This paper reviews the rapidly growing silicon photonics tech-
nologies, covering material properties, fabrication processes,
and relevant applications. Starting from the materials, silicon,
Si3N,, silica, and graphene on silicon were introduced. The
optical properties of the waveguides built on the aforemen-
tioned materials were then discussed, and the corresponding
fabrication processes were illustrated. The fabrication of pas-
sive waveguide devices, and their device structures, principles,
and performances were reviewed. These devices are divided
into fixed and tunable filters; polarization beam splitters and
rotators; mode conversion and multiplexing devices; and gra-
phene-on-silicon devices. These passive silicon photonic wave-
guide devices are essential building blocks for high density
photonic circuits. Future challenges may lie in practical issues
in mass production of large scale circuits, such as scalability
limited by the waveguide loss, and repeatability in the fabrica-
tion and therefore the yield of the components. One important
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consideration is the co-integration with active components
including lasers, modulators, and detectors. Light emission,
modulation and detection are indispensable functions, which
are enabled by these active devices. While significant progress
has been made on silicon modulators and GeSi photo detectors,
the laser source remains a challenge as the Si material does not
show direct bandgap for light emission. Hybrid integration is
therefore of particular interest, in the form of growing III-V
materials on silicon or through bonding of two chips with dif-
ferent materials. Hybrid integration not only is needed for laser
sources, but also shows advantages in other scenarios such as
modulation and nonlinear processing by combining suitable
materials of excellent properties for particular applications.
For example, LiN,O3 has enabled ultra-high-speed modulation
on silicon. A more detailed perspective on hybrid photonics
beyond silicon can be found in ref. [229]. In summary, silicon
photonic waveguide devices play increasingly important roles
in a wide range of applications, including but not limited to
communications, computing, sensing, quantum information
processing, biology, and energy.
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